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Traced Figures

Fig. I-A Show single, slightly curved tube from cell to surface gage.
Fig. 5-A Note that there is no lateral or radial force acting on side-

walls of cell during calibration.
Fig. 17 Change ordinate from "ac/cz' to "c/.
Fig. 28B Upper right corner. Change "D = 2P = 6 in." to "D 2B 6 in."
Fig. 37B Left center note should read =
Fig. 45 Upper sketch. Change "h = o.4D" to "h = 0.2D."
Fig. 53 Change ordinate to " 3 = -u." (Max u = 13.26 psi.)
Fig. 54 Title should read: "Measured Stresses at Midheight for Deadweight

and with Forming Jacket On."
Fig. 66A Bottom abcissae should read: "ee = (Cz - cc)."
Fig. 74 Left center note. Change "See Figure 76" to "See Figure 75."
Fig. 76 Top left. Change "See Figure 76" to "See Figures 77 and 78."
Fig. 80 Bottom reference. Change "See Fig. 83" to "See Fig. 82."
Fig. 83 Bottom reference. Change "See Fig. 78" to "See Figs. 79-81."
Fig. 85B Add indicator line from left center note to solid registration

ratio diagram.
Fig. 87 Add Note: Test data for specimen 70, cell 119, at 26-in. elev.
Fig. 88 Add Note: Test data for specimen 68, cell 119, at 26-in. elev.
Fig. 89 Add Note: Test data for specimen 72, cell 89, at h4-in. elev.
Fig. 91 Add Note: Test data for specimen 67, cell 85, at 26-in. elev.
Fig. 92 Add Note: Test specimen 79.
Fig. 93 Add Note: Test data for specimen 70, cell 83, at 26-in. elev.
Fig. 94 Add Note: Test data for specimen 70, cell 83, at 26-in. elev.
Fig. 95 Note below table should read: Data from fourth load cycle in

Fig. 97.
Fig. 96A Upper left corner. Change "Fig. 97" to "Fig. 95."

and B

T-.xt and Equations

Afo:tract Pag- II, Line I: Chstnge "mfmniitude and direction" to magnitud^,
ILrection, and ratio"

1, j, Lilac 6 from Iottr:n: Aid before (Figure 4): "in the WS cell"
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P&ge 22, Line 5 from top: Change "Figure 2" to "Figure 22"

Nge 31, Line 7 from bottom: change "Figure 95" to "Figures 95 and 97"

Pot '32, LAne 6 rlrom bottom: Add "Terzaght" before Figure 126-b.

Pase 34, Line 11 tram bottom: Add "the elevation" after "influence of"

Page 37, Line h from top: Change "soil" to "oil"

Page 37, Line ' from top: Change ".1/24" to "1/25"
Page 37, Line h from bottom: Change "relative" to "relatively"

Page 39, Line 3 from top: Change "radial" to "axial"

Page 41, Line 3 from top: Change "stresses" to "stress"

Page 45, Equation 6b: Change "tic - s",, to "1-c a - 1

Page 53, Equation 21b: Chenge o - 6c" to "6s

Page 57, Line 8 from top: Change "Oc/Oz" to "ac/ax
Page 57, Line 9 from top: Change "and" to "with"
Page 57, Line 12 from top: Change "Figure 16." to "Figure 17."

Page 59, Line 3, para 43: Change to read: may be formed by improper

installation and .... "
Page 65, Equation at top: Enclo3e the two fractions in parentheses.

Page 75, Line 2 from bottom: Ch'Lnge "Figure 31." to "Figure 34."

Page 77, Line 5 from top: Change "Figure 31B." to "Figure 34B."

Page 77, Bottom line: Change "are in" to "is defined by"

Page 90, Line 10 from bottom: Change "Figure 26." to "Figure 25."

Page 169, Line 7 from bottom: Change "Figure 62." to "Figure 63."
Page 193, Equation (99): Change x" , st

Page 229, Line 4 from top: Change "modulus" to "moduli"
Page 231, Line 4 from bottom: Change "14.1 psi" to "14.3 psi"
Page 234, Line 15 from bottom: Change "Figure 89" to "Figure 86"

Page 234s, Line 1 from bottom: Delete "additional"
Page 240, Line 21 from top: Change to read: "...vertical soil pressure

cell measuring horizontal stresses are...."
Page 246, Line 7 from top: Change "Figure 97" to "Figure 95"
Page 246, Line 1h from bottom: Change "Figure 95a" to "Figure 96a"

Page 246, Line 13 from bottom: Change "Figure 95b" to "Figure 96b"

Page 246, Line 5 from bottom: Change "Figure 96" to "Figure 97"
Page 252, Line 2 from top: Change "Figure 11" to "Figure 12"
Page 256, Line 1 from top: Change "Figure 5a" to "Figure 51a"
Page 256, Line 10 from top: Change "Figure 5b" to "Figure 51b"
Page 256, Line 4 from bottom: Change "tests" to "test"
Page 257, Line 16 from top: Change "Figures 80-91" to "Figures 86-91"
Page 260, Line 5 from bottom: Change "but were" to "which is"

Page 261, Line 10 from bottom: Delete "and" at start of line.
Page 262, Line 11 from bottom: Change "of compacted" to "in compacted"
?r 266. Paragraph 7 from top: Add "for measuring of horizontal stresses"

?P-_ 269, Reference 5: Change "by" to "bei"
P• q27a, Reference I: Change "Chelqpati" to "Chelapati"

27 ?7), Referenr.e 1: Change "Test Note" to "Tech. Note"
•'; Tra :, Lazt Reference: Change titles of paper and publication to

"&N-euen Hydraurich-n Fernressgverfahren CUr Mechanische Spannungen
c••d vr-k. A rchl-i flu" Technisches Messen"

.1~k; A~~h~v'4r~Cflshurw "Fig.e 32" to "Figu~re 35a"
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PREFACE

At a meeting in June 1953 the Board of Consultants for the Soils

Division, Waterways Experiment Station (WES), approved construction of a

large triaxial compression device of the vacuum type and performance of

tests with WES soil pressure cells placed in test specimens of this

device. The triaxial device was built and the recommended tests were

made in 1954-55. However, difficulties were encountered in evaluation

of the test data and in preparation of a report on the tests, because the

test results in many cases did not seem to agree with the then commonly

used theories for soil-cell interaction. Preparation of the report was

suspended in 1957 for lack of funds and assignments with a higher pri-

ority rating. Work on the test data and the report were resumed in 1970

on an intermittent basis.

The original tests were performed and intermittent and very brief

memoranda were prepared by Mr. H. H. Ulery under direct supervision of

Mr. R. G. Ahlvin, and general supervision by Mr. W. J. Turnbull, Chief

of the Soils Division. During this period Major General (then Colonel),

A. P. Rollins was Director and Mr. J. B. Tiffany was Technical Director

of WES.

The report was prepared by Dr. M. J. Hvorslev, officially retired

but reemployed on a part-time basis. During preparation of the final

report, Mr. J. P. Sale was Chief of the Soils and Pavements Laboratory,

BG E. D. Peixotto and COL G. H. Hilt were Directors, and Mr. F. R. Brown

was Technical Director of WES.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREZENT

U. S. customary units of measurement used in this report can be con-

verted to metric (SI) units as follows:

Multiply By To Obtain
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square inches 6.4516 square centimetres

cubic feet 0.02831685 cubic metres

pounds (mass) 0.4535924 kilograms
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.1

STo obtain Celsius (C) temperature readings from Fahrenheit (F) read-
ings, use the following formula: C = (5/9)(F 32). To obtain
Kelvin (K) readings, use: K (5/9)(F - 32) + 273.15.

10

_-O4



THE CHANGEABLE INTERACTION BETWEEN SOILS AND PRESSURE CELLS;

TESTS AND REVIEWS AT THE WATERWAYS EXPERIMENT STATION

PART I: DEVELOPMENT OF SOIL PRESSURE CELLS

Introduction

1. This report contains a long delayed account of tests with the

Waterways Experiment Station (WES) soil pressure cells and of changes in

the soil-cell interaction and the corresponding errors in the registra-

tion of the pressure cells, which often appear to be overlooked in dis-

cussions of test data and measurements. Part i of the report presents

a brief account of design and operation of the principal types of pres-

sure cells, currently available, and of early tests on WES soil pressure

cells, which were placed in a solid-walled shallow container filled with

sand and subjected to confined compression The results of these tests

are described in a report of 1944, which for many years was a principal

source of data on soil pressure cells. To obtain data on the Pction of

pressure cells for various loading conditions, the early experiments

were supplemented in 1954-55 by tests on WES soil pressure cells placed

in test specimens of a large triaxial compression device. The test data

did not yield fully conclusive information on the soil-cell interaction,

but some of the data are, nevertheless, significant. The evaluation of

the test data and preparation of a final report. were interrupted in 1956.

because priority was given to other investigations, but the work was

resumed in 1970 as a part-time assignment. An important objective of

the investigations was to determine the validity or limitations of

theories for soil-cell interaction, and this objective governed in part

the plan of tests and the preparation of the report. Therefore, the

second part of the report is a fairly detailed review of a considerable

variety of theories for soil-cell interaction, which have been proposed

to date and are based on different simplifying assumptions. The third

and main part of the report contains a summary of the results obtained

in the 1954-55 tests and comparison of these data with the theories for

11



cell action. The various types of soil pressure cells described and the

theories for soil-cell interaction discussed in the report do not con-

stitute an encyclopedic review of the rapidly increasing literature on

the subject. Furthermore, papers and reports published after Janu-

ary 1971 may be mentioned but are not reviewed in the report.

Initial Developments

2. One of the earliest soil pressure cells for field use was

developed by Goldbeck (1916)* and is shown in Figure 1. The central

and active part of the relatively thick face plate is connected to

another plate or piston through a thin and flexible plate which acts

as a hinge and allows small axial movements of the sensitive part of the

face plate. The pi3ton is normally supported by an insulated button in

the base plate. The button is connected to the surface by an insulated

wire inside a small tube. The latter permits charging the air pressure

inside the cell. To make a measurement of the soil pressure, the air

pressure is increased until the electrical connection between button and

piston is broken, whereupon the air pressure is decreased until the

electrical connection is reestablished. Difficulties were encountered

in actual field installations. Pressure on the face plate may be in-

crease, by the counter movement required to break the electrical connec-

tion, which also is influenced by moisture conditions in the cell and by
deformation. ?f te pipe r cabld I- In '-f a ...ery -pl -----

cell, called a pressure pad and shown in Figure 1-B, was developed d

concurrently. It consists of two large circular plates, welded together

but a short distance apart. The interior space was filled with oil and

connected by a tube to the soil surface and a simple gage for measuring

liquid pressures. Difficulties were encountered which are attributed to

temperature variations and deformations of the tube between the pad and

the soil surface. Another simple and frequently used pressure cell is

shown in Figure 2. It has an inactive rim, and the active part of the

face plate is thin enough to form a measuring diaphragm. Soil pressure

is correlated with strains in the diaphragm, which are measured by

12

a. r~svrawr~,rflx~in~rf... - ~TW.~tA



PRESSURE &AGE FIOR 1IOLI/OS

TUBE TO SiIRFA CC AMD
HY40RAUL IC PRESSURE
MANMOM(ErE 04Q
BOUIRPOA GASE

CIRCULAR
S TEECL

4WCLxOSED 0/1.- P4ATes

A. SCHEMAlIC OF GERMAN HYDRAULIC PRESSURE PAD

PAS TON ~ TW/N FL ZX/Y&E PLATE*,

JAtA T/ER PROOF'

ýCON TACT BIrN S44AIE
8. 4 RAEL /TE CEMEV 4 UT TN7 IRON PIPE

FROM WESJIU 210-1,1944

13. GOLDBECK SOIL PRESSURE C.ELL

FIGURE 1. EARLY SOIL PRE55URE MEASUREMENTS

13



SOIL ISOILI
-BOD Y 0F* C-L- WI 7 DIAPHRAG6M

7W/CKNE$S Do DIA PHRAGOM
AqROMUWSION

228 TRIN WAIGCS

LB4CK COVKER Pl-A 7T JVAiL OR? 61-48

OXCR 101 0 =Cfil L 0/A4METER e oNvCRE rc
To SOIL

CELL ZVBCDED CCLU IN AACE OP #AIL
IN SOIL OR 3LAS

FIGURE 2. 5OIL PRESSURE CELL WITH' EXPOSED DIAPMHRAGk4

114



electrical resistivity foils or unbounded gages. This type of pressure

cell may be used to advantage in fairly fine-grained and uniform soils;

however, stones in the soil may cause eccentric load concentrations and

also damage the diaphragm. These disadvantages are reduced in the

Carlson stress meter, Figure 3, and in the WES soil pressure cell, Fig-

ure 4. Both of these cells use a fairly thick face plate with a flex-

ible rim, which transfer the load to a thin layer of confined liquid and

acts on an interior measuring diaphragm; but other details of the cells

are quite different, and they were developed concurrently and indepen-

dently of each other and are used in soils, rock, and concrete. The

Carlson stress meter is described in greater detail by Carlson (1939),

Carlson and Pirtz (1952), and also in TM 210-1, 1944, by the WES. A

revised design of the Carlson stress meter has recently been developed,

but details are not available, pending completion of trial tests.

The WES Soil Pressure Cell

General design data

3. The principal features of the original WES soil pressure cell

are shown in Figure 4-A and were developed by J. 0. Osterberg during his

employment at the WES. The cell consists of a face plate and a base

plate, both fairly heavy and welded together at the outer edge but leav-

ing a thin interspace in the central part which is filled with mercury.

formed and the load on the face plate is transmitted to the thin mercury

layer, which acts on a thin diaphragm in the base plate. This arrange-

ment decreases the influence of a concentration and eccentricity of the

load on the face plate. The stresses in the diaphragm and corresponding

pressure in the mercury are determined by means of strain gages,

cemented to the diapbragm and connected into a'Wheatstone bridge. Orig-

inally the strains in the central part of the diaphragm were deter-

mined by two radial wire strain gages, and two dummy gages provided

temperature compensation. This arrangement was later changed to a pair

of foil strain gages near the center and a corresponding pair near the

15
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outer edge of the diaphragm. One pair undergoes positive strains and

the other pair negative strains; this arrangement yields a higher degree

of resolution in comparison with the original design. Wires from the

strain gage6 lead to an outside cable through a radial fitting and flex-

ible tubing with a hernetic seal. Most of the soil pressure cells were

built in two sizes with diameters of 6 in.* and 12 in., both with a

thickness of . in. Further details may be found in WES Technical Manual

No. 210-1 of 1944 and also in the paper by Woodman (1955).

4. Some difficulties have been encountered in the manufacture and

use of the WES soil pressure cells, Figure 4-A. It is not easy to

machine the peripheral slot in the face plate with adequate accuracy to
form a flexible rim of the desired thickness. The original cells were
made of stainless steel, type 416, but this steel has presented diffi-

culties in welding and has required special treatment to prevent prcgres-

sive changes in its elastic properties. Tests are currently being made

with cells of an experimental design shown in Figure 4-B. The face plate

now consists of two parts, one forming an outer cover and the other an

inner plate with a slot forming the flexible rim. Welding is eliminated

in favor of screw Joints and O-rings. The material has been changed to

a free cutting carbon-manganese steel with stable elastic properties,

and corrosion resistance is obtained by application of rust protectors.

5. The pressure cell designs in Figures 3 and 4 have in common

that the pressure on the cell is determined by calibration with the

strain of electrical rcoist-ncc in thC wire or fcoil sen•sor. In Pigu.&e 3

forces and movements are transmitted by mechanical means whereas this

transmission is obtained by epoxy cements (Figure 4). Many other designs

have been developed and some will be described after summarizing results

of initial tests with cells of the design shown in Figure h -A. Pressure

cells of this design are called "Waterways Experiment Station Soil Pres-

sure Cell" when discussed in this report. An entirely different Luyf . of

pressure cell utilizes calibration of the pressure on tne cell against

* A table of factors for converting U. S. customary units of' measure-

ment to metric (SI) units is presented on page 10.
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changes in vibrations of a taut wire sensor. Pressure cells of this

type are primarily used in Europe and are not considered in this report.

6. The WES soil pressure cells are calibrated in a double dia-

phragm chamber, Figure 5-A, where air pressure can be applied to the top

and bottom surfaces of the cell but is prevented from acting on the

cylindrical surfaces and in the peripheral slot, Woodman (1955). Calibra-

tion factors obtained by this loading are slightly different from those

yielded by hydrostatic air or liquid pressure on all surfaces of a cell.

Both calibration factors are needed in use of the WES soil pressure cell.

The cell reading corresponds to the sum of soil and pore pressure; the

latter is measured separately or estimated and the corresponding reading

is subtracted from the total reading to obtain the effective soil pres-

sure. As discussed later in greater detail, the inclusion effect and

the registration of a pressure cell depend not only on the field stress

normal to the cell but to some extent also on lateral field stresses.

Therefore, it is desirable, at least for each type of cell and soil, to

check the routine calibration with a test ir which the cell is embedded

in scoil and subjected to inclusion effects and lateral stresses. Con-

fined compression in a chamber of stacked rings with rubber spacers,

Figure 5-B, may be used for this purpose. The sidewall friction in such

a chamber is decreased to a negligible amount. A compression chamber

formed by separated rings was first used by the Swedish Geotechnical

Institute in tests with gravel; finer grained material may enter the

open space between the rings. Rvbber-spacers between the rings was in-

troduced by Seaman (1966), who used rubber spacers cemented to the rings,

whereas the design shown in Figure 5-B was developed at the WES.

Initial investigations

of soil-cell interaction

7. Observations by Benkelman and Lancaster (1940) show that the

soil pressures registered by a pressure cell may vary with the thickness-

diameter ratio of the cell and with the relative stiffness of cell and

soil. In an attempt to obtain more quantitative data, WES soil pressure

cells were tested in a pressure chamber with a diameter of 28 in. and a

height of 10 in. The chamber was filled with standard Ottawa sand
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and covered with a rubber membrane for tranumiasion of air pressure

above the sand. In some tests the pressure cells were placed at mid-

height in the sand and in other tests the cells were embedded In a layer

of plaster-of-Paris below the sand. The protrusion ratio of these cells,

H /2B* , varied from 0 to 1.0; see Figure 2. The tests are described ins

WES Technical Manual No. 210-1, 19h4. The results obtained are summa-

rized in the following paragraphs, where oa is the actual soil stress,

a Cis the stress indicated by the pressure cell; a c a is called the

registration ratio and (a e/a ) = (ac - o )/a is the error ratio.es s
a. Changes in the stiffness of a thin pressure cell in loose

sand has little influence on the registration ratio when
the diameter-deflection ratio, D/6c , is greater than
2000, in which case registration ratios of 1.00 to 1.50
were obtained.

b. The registration ratio of a stiff pressure cell decreases
with decreasing thickness of the cell, but this change is
small when the diameter-thickness ratio, D/2B , is greater
than 5, in which case registration ratios of 1.00 to 1.20
were obtained.

L. A pressure cell mounted flush with a stiff boundary or the
bottom of the -hamber underregisters, but this underregis-
tration decreases with increasing stiffness of the cell,
and changes in registration are small when the diameter-
deflection ratio is greater than 1000. On the other hand,
the registration ratios decrease rapidly with decreasing
stiffness or diameter deflection ratios, D/ 6 c , of the
cell.

d. The registration ratio of a pressure cell increases with
increasing protrusion of the cell from a stiff boundary.
Registration ratios of 0.90 to 1.00 were obtained with
diameter-protrusion ratios (D/Hs) = 30 or less. (The
underregistration changes to overregistration when the
protrusion ratio is large or the cell just rests on the
rigid boundary.)

8. Numerical values of test data summarized in paragraph 7 were

probably influenced by the shallow depth of the sand layer and the use

of a rigid test bin, but the general relationships are undoubtedly cor-

rect and are widely quoted. They also agree with relations obtained by

* For convenience, symbols and unusual abbreviations are listed and

defined in the Notation (Appendix A).
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theories developed in later years, which may be summarized or restated

as follows:

a. The registration ratio of a pressure cell in a free field
or in surface contact with a rigid boundary is greater
than 1.0 when the cell is stiffer than the soil, but this
ratio is smaller than 1.0 when the cell is more compress-
ible than the soil.

b. The registration ratio of a pressure cell embedded in a
rigid boundary material may be greater or smaller than
1.0 depending on the relative stiffness of soil and cell
and on the protrusion ratio of the cell, Hs/D .

c. The error ratio of a pressure cell (oc - Os)iOs , is
generally proportional to the thickness-diameter ratio of
the cell, 2B/D

d. These relations and the nuLmerical data in paragraph 7
should be reconsidered and restated when the pressure
cell has an inactive rim and the maximum deflection occurs
in the center of the cell.

Structural action

of the WES pressure cell

9. Dez;4n, calibration, and structural action of WES pressure

cells have been the subject of several investigations, which are dis-

cussed in the report "Summary of Earth Pressure Cell Development of

1954," WES Miscellaneous Paper No. 5-21. A few of these investigations

are described in the following paragraphs.

10. Modulus of deformation. The registration ratio of a given

pressure cell and soil is a function of the overall deformations of the

pressure cell, which are not easy to determine with sufficient accuracy.

Small irregularities in the surface of the cell cause the stress-strain

diagrams to become curved, as shown in Figure 6. Alt.-er grinding the

faces of a cell, u much flatter but still curved diagram is obtained,

which yields a tangent modulus of 26,700 psi at the start of the test

and 46,000 psi at the rated capacity of the cell. The final, tangent

modulus of the cell before grinding is 39,500 psi whereas the modulus

computed in design of the cell is 53,200 psi, disregarding the stiffness

of the flexible rim. However, the measured and computed moduli at rated

cell capacity are of the same order of magnitude. The moduli for bydro-

static loading were not determined experimentally but obtained by

23
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assuming proportionality between moduli and calibration factors.

11. Carlson (1952) encountered similar difficulties in determining

the deformation moduli of his stress meters. He solved the problem by

developing an interferometer technique for measuring the change in thick-

ness of the meter while it is being subjected to all-round air pressure.

The interferometer can be observed through a window in the pressure

chamber.

12. Influence of nonuniformity of loading. It has been mentioned

already that the WES soil pressure cell is less sensitive to a nonuni-

formity of load elements than is a common pressure cell of the type

shown in Figure 2; that is, the registration of a given annular load

should vary relatively little with the radius of the annulus for the WES

pressure cell, whereas for the cell in Figure 2 the registration for

such loads varies from zero at the edge to a maximum in the center. The

effect of an eccentricity of the total load, or a pressure gradient

across the face of the cell may be quite different. This case was in-

vestigated in a single test in which the load was applied through a

movable knife edge on top of the solid steel cylinder, covering the face

plate of the cell. The results obtained for an eccentricity of 1/8 in.

or a pressure gradient of 33 percent are shown in Figure 7, and the

diagram shows a decrease in cell registration varying from a maximum of

14.5 percent at low loads to a minimum of 2.5 to 7.0 percent at high

lo dsz Di!- 11 a.tt-hped to th. lo~ding Mlonk indicated tinping of the

face plate, which may be the direct cause of underregistration. The re-

sults obtained are quite erratic, and additional tests should be made

before attempting to formulate the relationship between a stress gradient

and change in cell registration. The influence of the radius of uniform

annular loading should also be investigated for the WES pressure celi.

13. Effect of lateral forces on a pr-essure cell. An increase of

radial pressure on the cylindrical surface of the pressure cell will

cause an increase of lateral compression in the body of the cell and, by

reason of the Poisson effect, also an increase in thickness of the pres-

sure cell and a corresponding increase in cell registration. These

changes in thickness and cell registration are very small because of

25
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the large modulus of deformation of the steel, and they are usually

negligible in comparison with the influence of other factors. However,

Carlson and Pirtz (1952) suggest that an increase in radial pressures may

magnify the transverse deflection of the inner diaphragm and thereby in-

crease the registration of the stress meter. It was assumed that the

radial pressures were caused by temperature variation of a meter in

direct contact with concrete. Placing compressible material around the

cylindrical surface of the meter, and reducing the thickness of the

mercury film to one-third of its original values, caused a very material

decrease in the temperature compensation factor. These comments refer

primarily to the pressure cell itself, but lateral pressures may cause

considerable changes in the deformations and stresses in the soil.

14. The cylindrical surface of the WES soil pressure cell is

covered with adhesive tape to prevent soil from entering the peripheral

slot. A test was made with a cell having its cylindrical surface covered

with sevcral layers of adjLeive tape to prevent soil from entering the

peripheral slot. The test was inconclusive possibly because it was made

in a large vacuum type triaxial specimen where changes in effective con-

fining pressures and pore pressures may compensate each other. It was

observed that pressure cells piaced on edge in a triaxial specimen for

measurement of radial and tangential stresses had considerably smaller

registration ratios than cells for measuring axial and diagonal stresses.

15. It has been suggested that lateral or shear forces on the

face surfaces of a soil pressure cell may iniluence cell registration.

A single improvised test with such shear forces, made at the Waterways

Fxperiment Station, indicated that shear forces had very little influence

on the cell registration. Detailed -est data are not available now, and

the test results were not conclusive. In summary, the influence of

radial pressures and shear forces on a soel pressure cell has not yet

been determined conclusively by experiments. However, as will be dis-

cussed later on, Askegaard (1963) and Bates (1969) have shown theoreti-

cally that a change in lateral earth pressure may have considerable in-

fluence on the axial earth pressure and on the corresponding registra-

tion of a soil pressure cell.
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16. Temperature corrections. The influence of ature changes

on the output of the electrical circuits can be comlensu., . automatically

by proper design of the bridge formed by the four s 'rain gages, when all

parts of the cell body are made of the same steel. A uniform change in

temperature should not give rise to disturbing strese changes, but the

difference between volume changes of the cell body and the surrounding

soil may cause a slight change in cell registration. However, this does

not apply to the mercury film below the face plate, since the volume

change of mercury for a given temperature change is thirteen times as

great as that of steel. The results of an increase in temperature will

be an excess increase in volume of the mercury, which raises the face

plate and increases the deflections of the diaphragm by an amount which

depends on the resistance offered by the soil. The magnitude .)f this

difference in volume changes, and its influence on cell registration can

be reduced by using a smaller amount of mercury. Carlson and Pirtz

(1952') i-e~ce' the or-,Inal thicknWc: of the merc1r-y f-im from 0.03 in.

to 0.01 in., and the temperature correction was thereby decreased to

2. psi per degree Fahrenheit temperature change for cells embedded in

concrete.

17. The thickness of the mercury layer in WES soil pressure cells

is about 0.03 in. In the WES Miscellaneous Paper No. 5-21, 1952, it is

stated that it was desired to reduce the temperature compensation to

0.01 percent of the full capacity of the cell for each degree Fahrenheit

temperature change. Tests on 51 soil pressure cells built before ±195

indicated that the temperature compensation for forty of these cells was

greater than the above mentioned 0.01 percent, but none was greater than

0.05 percent of the rated capacity per degree Fahrenheit. It is empha-

sized that the actual temperature compensation depends on the reaction

of the soil to change in thickness of the pressure cell. It is also

stated that cells buried deep in a body of soil undergo only very small

temperature changes, and that the influence of temperature changes is

slight compared to that of variations in installation techniques.

Contact pressures and inactive rims

18. Stress distribution at soil pressure cells. Dnbedment of a

28



pressure cell will change the stress conditions in the surrounding soil

unless the cell has the same deformation properties as the soil. The

generel form of the stress distribution at a pressure cell which is

stiffer than the soil is shown in Figure 8. Considerable overstress

occurs in a narrow zone near the edge of the cell, and a corresponding

understress exists in the soil outside the perimeter of the cell. Stress

conditions in the overstressed zones above and below the cell usually

cause partial failure of the soil with consequent plastic deformations

and a reduction of the peak overstress, so that the stress distribution

is changed to that indicated by the dashed line in Figure 8. The numer-

ical values depend on the ratio of the moduli of deformation of the cell

and the soil and on the diameter-thickness ratio of the cell. For a

pressure cell which is more compressible than the surrounding soil,

anderstress occurs above and below the cell and overstress just outside

the perimeter of the cell. Theoretical investigations of the stress con-

dt+ions arounid a pressure c-ll placcd in an ideal elastic matcr4al hVe.

been made by Monfore (1950) and were verified in experiLents by Peattie

and Sparrow (1954), Figure 8. The stress distribution at a pressure

cell, which is stiffer than the soil, is similar to that existing below

and around a stiff foundation slab, which has been treated by many

investigators and is summarized by Terzaghi (1943), Taylor (1948),

Terzaghi and Peck (1967).

19. The stress distributions mentioned in the foregoing paragraph

apply primarily to an ideal elastic material or to purely cohesive soils.

However, it appears from experiments by Peattie and Sparrow (1951) and

from observations of the action of pressure cells that these stress dis-

tributions also apply to other soils, including confined cohesionless

soils, provided the stress conditions do not approach those of general

failure. The latter which may cause a change from elastic to plastic

conditions usually changes the stress distribution; according to Terzaghi

(19143, Figure 126-b), the stresses below a loaded plate at the surface

of a cohesionless soil at failure reach a maximum in the center and ap-

proach zero at the edges. For a plate3 or pressure cell below the sur-

face the stress at the periphery will probably not be zero but correspond

29
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to the confining pressure and to the cohesion in soils with both friction

and cohesion components of strength, as shown by the dash-dot diagram in

Figure 8, whereas the maximum stress still occurs at the center. Such a

change in stress distribution when passing from the elastic to the plas-

tic state of the soil probably occurs gradually and would affect the

registration ratio of pressure cells for which the sensitivity varies

with the distance from the center of the diaphragm as in Figure 2.

20. Pressure cells with an inactive rim. The stress concentra-

tions near the edge of stiff soil pressure cells caused Peattie ani

Sparrow (1954) to suggest that such pressure cells should be built with

an inactive rim, Figure 2, and that the diameter of the central and ac-

tive part should only be about hall the outside diameter of the entire

cell. Many tests have verified that the overregistration of such a colP

under the usual stress conditions is much smaller than for a pressure

cell with a full active face. However, the sensitivity of pressure cell

iiaphragm of the type shown in Figure 2 increases from zero at the edge
of the diaph.. :.va to a maximum in the middle, and this type c.hould only

be used in so.-.a without stones and far enough away from boundary irregu-

larities. Furthermore, the overregistration of such a presuure cell

would be increased when stress condition in a friction type soil ap-

proaches that of failure, causing the stress distribution above and

below the cell to change to the form shown by the dauh-0.,;, line in Fig-

ure 8. The WES conducted tests with the standard 6-in. Wit; soil preo-

mire cell. Flaure 4-A, provided with a 3-in. wide inact;ve rim, '1'he

registration ratio of these cello was clooe to 1.00 perct-nt for low Iprriu-

cipal stress ratios but it rose to 153-172 perceriu when thV- treiss con--

ditions in the soil upproached the failure conditions, ~ee P'art 1]1,

Figure 95. These resulta of the WF,;. teuti; are an exjpcrimerita] vErJf*Ica-

tion of the diugrEiwwZs ggeuted by TCrV/LL/gbI In !9)i3, Y'Jgiw'e 3A'6-b. A

similar rice in regltraLiori ratios whent aPj.rouch fng falJ.ur condltiont;

of the soil was exhiblted by Wh!U; 5ell. pjeClUJnc CCJ Li, withroUt all Ji I.L•-VC

rim. InI genera., ,thv prineJile of* ua intactiVL" rim tIt] ip[1'JUH the Lou-

utra'ticni of a soil. presuare ceil and imp]roveu th,; reliability of the

registration when, the cell. Ji; U;ed Jn soill]i without stoneU UW,(J UiIder
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fairly uniform stress conditions, but the possibility of ,a ch,,ie- lr4

stress distribution and its effect on the cell registration whcri

approaching failure conditions should be borne in mind and dc'r,:•.

further investigation.

Recent Types of Soil Pressure Cells

21. A great variety of soil pressure cells has been developed

over the years. In many cases the difference between such cells is in

minor mechanical details or in methods for measuring strains or deflec-

tions of diaphragms, such as bonded electrical resistance foils, non-

bonded resistance wires, or a vibrating wire. Some recently developed

or proposed types of soil pressure cells are described briefly in the

following paragraphs, but it is again emphasized that this report pri-

marily deals with the WES soil pressure cell, shown in Figure 4-A, and

with its soil-cell interaction.

WES double diaphragm
cell with inactive rim

22. The soil pressure cells shown in i'igure 4 are primarily used

in larger soil structures, ind smaller cells may be needed for small

models and in laboratory tests. Such cells often consist of small

commercially available pressure cells which are provided with a collar

or inactive rim in order to obtain a more favorable diameter-thickness

ratio for the entire pressure cell. A recent WES development of small

soil pressure cells is shown in Figure 9 and is described in detail in

a report by J. K. Ingram (1968). The active diameter of this cell is

0.75 in., and it has a diaphragm on each side so that the cell is nearly

symmetrical with respect to the midheight plane. This lightweight

collar combined with the interior void causes the unit weight of the

cell to be close to that of soil, and the cell is suitable for both

static and dynamic experiments, provided the soil does not contain

stones and the loads on the diaphragms are fairly uniformly distributed.

Gl5tzl hydraulic
soil pressure cell

23. Early German measurements of pressures below foundation were
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made with hydraulic pressure pads, called "druckkissen," conflfirng Af

two flexible steel plates welded together along the edges, so thlit they

form a thin reservoir which is filled with oil and connected by a tube

to a pressure gage outside the foundation. However, the preoszurez mea-

sured were not always reliable since they were sensitive to temperature

variations and pressures on the connecting tube, and the flow of oil to

or from the outside pressure gage caused too large movements of the

plates. These disadvantages have been practically eliminated through

introduction of a diaphragm valve by Gi6tzl (1958), Franz (1958), and.

others. The pressure pad is connected to the valve unit by a short pipe,

Figure 10, forming a closed system for the oil, which acts on one side

of the diaphragm in the valve, whereas the other side is supported by a

dentated plate with inflow and outflow pipes. Oil is pumped slowly into

the valve unit, and its pressure is measured by an outside gage. When

the pressure of the inflowing oil becomes a little larger than that in

the oil of the pressure pad, the diaphragm deflects a little and allows

the inflowing oil to pass to the outflovr pipe, and the pressure in the

inflowing oil ceases to rise. The required movement of the diaphragm is

much smaller than that required for the Goldbeck cell, Figure 1, and the

short pipe decreases the influence of temperature changes of the oil and

pressure on the pipe. The hydraulic diaphragm valve is available as a

separate unit, and the advertised sensitivity or accuracy is 0.15 psi.

The counterbalancing oil may be replaced by a neutral gas, which eli-

minates the influence of the outside pressure gage. The standard Gl5tzl

pressure pad, Figure 10, is 8 by 10 in. with a total thickness of 3/8 -in.

and an effective thickness-diameter ratio of about 1/27; circular pres-

sure cells using the same principles of design and operation have also

been built. The small thickness-diameter ratios reduce the inclusion

effect and the cell error, but the thin cells are easily damaged in

coarse and stony soil, and they may then be replaced by thicker plates

with a flexible rim, similar to the Carlson or WES stress cells.

URS - Mason soil stress cell

2h. A small and thin soil stress cell of sophisticated design is

shown in Figure 11. It was developed by the United Research Services
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under direction of Dr. H. G. Mason. All metal parts of the cell are of

stainless steel. It consists of an inactive rim plus two cover plates

fastened to the rim by epoxy. The central space is filled with Diala

oil, and the pressure in this soil, considered equal to the soil pres-

sure, is measured by a solid state sensor supported by two silk bands.

The diameter is 1.50 in., the total thickness only 0.06 in., and the

thickness-diameter ratio is 1/24, or about the same as for the Glbtzl

soil stress cell. The cell can be used for both static and dynamic mea-

surements. The use of a solid state sensor increases obtainable resolu-

tion, but such sensors represent recent developments, and definite data

on their stability over long periods are not yet available. This very

thin stress cell is easily damaged, and a less delicate cell may be ob-

tained by increasing the diameter without increasing the thickness diam-

eter ratio. The stress cells shown in Figures 10 and 11 represent

opposite current limits of simplicity and sophistication in design.

The SMRL pressure
cell with bevelled rim

25. Figure 12 shows the principles of a rock and soil stress cell

developed at the Spokane Mining Research Laboratory by R. C. Bates

(1969), who analyzed the stress conditions in the cell and in the sur-

rounding material of a free field by the finite element method, Part II.

Bates found that lateral soil pressures may significantly increase the

axial soil stresses and registration of the cell, and that the influence

of the lateral soil pressures may be decreased by bevelling the outside

edge of the proposed pressures cell, Figure 12. The central and active

part of the cell forms an exposed and relative heavy diaphragm, but the

sensitivity of the cell is increased by use of solid state strain gages.*

The cell shown in Figure 12 has a rating of 1000 psi and is intended for

mining investigations, but the same type of cell is also built with the

Soil pressure gages with a vibrating wire strain gage are not de-

scribed in this report; such strain gages are still commonly used in
Europe but rarely in the United States. It is believed at the WES
that available expoxies provide a satisfactorily strong and durable
bond between a measuring diaphragm and a foil type resistivity strain
gage.
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rated capacity of 100 psi for use in soils. More general and rigorous

mathematical investigations by Askegaard (1963) show that lateral pres-

sures may cause either an increase or a decrease in the radial soil

stresses depending upon the values of the thickness-diameter ratio of

the cell and the Poisson ratio of the soil, Figure 32.

Install.ation of Pressure Cells

26. Although improper installation of pressure cells may cause

large errors in the cell registration, only a few experimental investi-

gations of the problem have been made. Hadala (1967) recommends that

cells be placed on a planed surface of sand deposits, whereas cells in

clay should be placed in a shallow cylindrical excavation. A thin layer

of fine sand is often used to improve the uniformity of contact between

cell and soil; a thicker layer of sand is used when the soil contains

stones or rock,, but the sand body may also cause pocket action, vhich

should be taken into consideration. As shown in this report, subjecting

the cell to a seating pressure during or after installation improves

contact between cell and soil, stabilizes soil properties, and cell

registration and errors, but it may also cause a secondary type of

pocket action. Additional systematic experimental investigations are

needed, as mentioned in a more detailed review of the problem in Part II

of this report.
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PART II: THEORIES OF SOIL-CELL INTERACTION

27. This part of the report is divided into two sections, (a) a

fairly detailed presentation of the principal problems encountered and a

simplified analysis of the individual problems, and (b) a review of both

simplified and more rigorous theories for soil-cell interaction. The

results yielded by the more rigorous methods can often be obtained by

the simplified analysis after changing the numerical values of one or

more coefficients, but recent investigations indicate that some of the

assumptions forming the basis for a simplified analysis may be untenable

for several stress and boundary conditions. Nevertheless, the simplified

analysis is presented first in this report because it illustrates the in-

f±uence of special conditions, and it facilitates visualization of the

influence of independent variables, whereas currently available solutions

of mnre rigorous theories primarily cover basic stress and boundary con-

ditions. Questionable assumptions in the Gimplified analysis will be

emphasized and explained, when possible.

Principal Problems and Simplified Analysis

Development and assumptions

28. General objectives and proedures. The general purpose of

investigations of soil-cell interaction is to obtain data for estimating

over- or under-registration of a pressure cell and for evaluation of

stress determinations in earth structures by means of soil pressure

cells. The most commonly used method for investigating soil-cell inter-

action may be called the indentation analogy, which consists in esti-

mating the difference between soil and cell deformations or the indenta-

tion and then computing the corresponding over- or under-registrations

of the cell which produces the same indentation. Carlson (1939) and

other investigators proposed the fundamentals of such a procedure, which

will be discussed furtlher in paragraphs 68-94. Simplified theories

based on the indentation analogy have been proposed, independently of

each other, by last (1945), Coutinho (1949) and Taylor (1945,4T). Te
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Taylor theory in a slightly modified form is presented in the following

paragraphs, and it has been extended to cover both uniaxial and triaxial

stresses changes. The stresses considered are those between the soil

grains or effective stresses; changes in pore water pressures are treated

separately. Initially it is assumed that the cell is placed in a free

stress field, and cells placed on or in rigid boundaries of a soil body

are discussed in later paragraphs.

29. Usual assumptions. The following assumptions are made in

most bwtv not all proposed theories for soil-cell interaction:

a. The pressure cell acts as a thin disk or cylindrical in-
clusion with uniform axial compressibility but rigid in
radial directions.

b. The influence of the radial rigidity of the cell on the
surrounding soil has only a negligible influence on axial
soil stresses.

c. The influence of shear stresses on the faces of the cell
and of all stresses on the cylindrical surface of the
cell are negligible.

d. A change in lateral soil stresses causes axial soil defor-
mations corresponding to the Poisson ratio, but it does
not directly influence axial soil stresses on the cell.

e. The simplified analysis or indentation analogy considers
only soil deformations in a layer with a thickness equal
to that of the cell, and the force corresponding to the
indentation is computed by means of the Boussinesq-Prandtl
equations for the sinkage of a rigid platte at the free
soil surface.

Assumption "a" is acceptable for press-are cells with fully active face

plates, such as the Carlson and WES cells, but it is not correct for

cells with an inactive rim and an exposed measuring diaphragm. It is

best to use the finite element method of anplysis for the latter type of

pressure cell. Assumption "b" appears to be acceptable except in anal-

ysis of cells placed under confining conditions. Limited tests indicate

that assumption "c" is a:ceptable, but additional investigations are

desirable. Early investigations indicated that aasumption "d" could be

made acceptable by introduction of a minor correction factor, but more

recent investigations by Askegaard and Bates show that lateral stresses

may cause appreciable changes in the axial soil stresses on a cell.
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Assumption "e" provides appreciable simplifications in equations for the

soil-cell interaction, but these equations may in some cases yield too

small values of the error in cell registrations, because the assumptions

cause neglect of significant secondary soil stresses and deformations,

and also because relations between stresses and deformations in the

interior of a soil mass are represented by the Mindlin equations, whereas

the Boussinesq equations apply to the effect of loads on the free sur-

face of the soil. The errors caused by the above mentioned assumptions

depend to a large extent on values of the Poisson ratio for the soil and

on the thickness-diameter ratio of the pressure cell.

30. Definitions. The simplified analysis is actually developed

for.relatively small stress changes, which are designated by o rather

than by Ac because the latter is used for incremental stress changes

or parts of a total stress change. The influence of a change in pore

water pressure, u , is discussed in a separate paragraph, and the effec-

tive soil stress changes are then designated by u' = a - u . It will

be shown that the influence of u can be taken into account by a change

in the effective modulus of cell de-ormation, M . Therefore, in all

other cases it is assumed that there is no change in pore water pressure

or a = a' , and the prime mark indicating effective stresses is omitted

in the equations for the sake of convenience in writing and reading.

Pressure cells in a free field

.3. Uxiaxial stress changes. The rirst or basic theories for

soil-cell interaction were developed for the simple condition that the

only stress change is in an axial direction perpendicular to the faces

of the cell. Such simple stress changes can be obtained with cells em-

bedded in a large triaxial test specimen, but the corresponding theories

could theoretically also be applied to tests and field conditions in

which the ratio between axial and radial stresses is constant for the

stress interval under consideration provided the soil deformation modu-

lus is determined for similar stress changes, usually by a confined com-

pression test. The basic simplified theory for action of soil pressure

cells presented in the following paragraphs is essentially that proposed

by D. W. Taylor in 1945.
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32. Figure 13 shows a pressure cell embedded at the depth H

below the soil surface or the top of a triaxial test specimen at which

depth there is no significant influence of these boundaries. With no

change in the pore pressure, u , the total and effective changes in the

vertical soil stress are equal and designated by a , and the corre-s

sponding stress change indicated by the cell is a " The overstress

or understress of the cell is then

e c s

and the deformation of a cell with thickness 2B is

0

26 = 2B -- 2- (2)
c Mc

where M is the deformation modulus of the cell in axial direction.
C

When the deformation modulus of the soil in the same direction is M ,

the deformation of a soil layer with thickness 2B and radially beyond

the disturbance caused by the cell is

0

26 2 M
s

The difference between these deformations

e s c

is the indentation or retraction of the cell surfaces with respect to

the original planes of contact between cell and soil. Assuming symmetry

of deformations of cell and soil, each side of the cell indents or

retracts from the soil for the distance 6 , or
e

6 = 6 -6 (4)
e s c

Introducing the expressions for 6 and 6c in Equations 2 and 3

yield
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6 W - 1- (

Taylor (191)5) and others now aesume that 4 is similar to the indenta-

tion of a circular plate or punch into an elastic solid under the load

e 0 a - o and that this also will apply to a saturated clay and to

confined sand provided the strean change, o , does not approach the

confining stress in the coheoionleas soil or causes stress changen &I,-

proaching those of fallure. The indentation 6 may thein be expressed0

by

c e6 e -D (6)
a

where D J-s the diameter of the plate or cell and N iu an Indonta-S

tion coefficient which is a fu1nction of the defor.nmation characterintica

of the uoil.. Valuen of N are ihtu,,,,,1 ,n !ub.unt Lr pura.......&,

Combining Equations 1, ., and 6 ylelds

O;K -u '
'3 

'
and

The registration ratio ie then

D +N
-- ---- Is

o B M 4 - K

- a -
8) 1 3 L

U S N 0 1) M 13D M B M
C c

where K- N 8/M muy be called the soil Indentation ratio. Egluttion

is basically that propoeled by Tuylor (19)15), aad equ,±tlorn derIved
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independently by Hast (1945) and Coutinho (1949) can be reduced to the

same form. As indicated by Equation 7, the registration ratio increases

with increasing stiffness of the cell, M , and approaches a limitingc

maximum value obtained for M s/Mc = 0 , or

a ~DK D -+KB
c (lBa) = 1 + K B (8)

o D sD
B

that is, the limiting value of the registration ratio increases linearly

with increasing thickness-diameter ratio.

33. Values of the indentation parameters. Theoretical values of

N and K may be expressed by the theories of Boussinesq, assuming
S S

that the soil acts as an elastic solid. For an infinitely rigid circu-

lar plate or punch at the soil surface, the theoretical value of the

indentation 6 for the unit load a is also given by Timoshenko-e e

Goodier (1951; p. 372)

7 22 (1 - V T 1 - v 2

6e e T DM e TD (9)
s s

where v is the Poisson ratio of tL. soil. The coefficient N in
s

Equation 6 may then be expressed by

4 Ms

N =4 (10)
1 -

and the indentation ralio

NK s SK =- -- = (11)
s M 7 2s 1- v

With v = 1/3 , Equation 11 yields

K = 49 1.43
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which may apply to a pressure cell with heavy face plate:. For pres-

sure cells with face plates which are thin enough to act as measuring

diaphragms, it will be of interest to compare the average deflection of

flexible face plates with the same diameter and total load but various

types of stress distribution. The following general relations apply

2
6 = G D 1 -v Ce=•D (12)
e,av e M N

s s

aD M
N=e s(13)

e,av (i - V2)c

N 
1

K (14)s M s (l - V2 )c

The values of the coefficients C and K for rigid flexible plates ats

the free surface of a soil body with various load distributions are

sumnarized in Figure 14. The data are based on equations by Boussinesq

and the details were obtained from Hast (1945) and Timoshenko-Goodier

(1951). As shown in this figure and first noted by Hast (1945), the

distribution of the reaction stress for a given total load has relatively

little influence on the average deflection of the plate. However, the

values of these parameters decrease to unity as the depth of burial de-

creases and the pressure cell approaches the free soil surface,

Figure 29.

34. The Poisson ratio, v , for soils varies greatly with the

soil type, the relative density, state of consolidation, and the stress

conditions during shear tests and triaxial tests. Dense cohesionless

soils and strongly overconsolidation cohesive soils undergo a volume

increase instead of a decrease during shear and triaxial tests, corres-

ponding to values of v greater than 0.5. As mentioned, most of the

early investigators determined the modulus of deformations of soils,

M , for confined conditions, and it would seem appropriate to consider
s

the corresponding values of the Poisson ratio in the simplified analysis.
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PLATE R IGI rFLEXIBLE
LOAD TET RNI PARABOLIC PARABOLIC-LOAD DISTRIBUTION ANY UNIFORMMA .C N E Z RO E T RMAX'. CENTER Z'ERO CENTER

CASE NO. 2 3 4-

SOIL LOAD OR U,
REACTION

DISTR \bUTION

COEFF.E _ IN. EQ. 12-14 0.785 0.-s19 0.903 0.795

k = = 617 1 -_R312

k N5
k• Ms (i .JT)C 1.43., 1.33 1.2,4 1.4.2

EQ. 14 AND-?) V3 NOTE: PLATE AT FREE SOIL SURFACE

6a60e C OR le j D L
EQ. 12: 6s "e MD C Os

BASED ON DATA BY TIMOSHENKO) 1932 AND NILS HAST, 1943.

A, EFFECT OF LOAD DISTRIBUTION

_OUTSIDE USUAL THEORY

- 0 0 0.1 0.2 0.3 0.1- r 0.5 0.6 0.7 0.8 0.9

•z 0 0.01 0.04 0.09 0.16 0,25 0,36 0.49 0.64 0.81

I . 1.00 0.99 0.96 0.51 0.&4 0.75 0.64 0.51 0.36 0.19

s 1.27 1.29 11.33 1.40_ 1.521 1.70 1 2.00 2.51 13.55 16.73

'IT I 1.27
RIGID PUNCH= C = 4- .786 k '1 , 1 .2

B. EFFECT OF POISSON' S RATIO

THESE VALUES OF kS AND EQUATIONS IN FIGURE 13 APPLY ONLY TO A RIGID

PLATE AT THE FREE SURFACE OF A SEMI-INFINITE SOIL DEPOSIT.

FIGURE 14. INFLUENCE OF SOME FACTORS ON THE INDENTATION RATIO kS.
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For confined compression, a = a 3 is the confining preasure and
x y

a - is the axial pressure. The relation b.tween tne coefficient of

ear'.n pressuze at rest, K , and the Poisson ratio is

K = Ili = (15,-A)
0 a) 1- V

But the value of K for grenuilar materidls car also be obtained by the0

Jaky equation

K 1 - sin 0 (15-B)

T he two equations yield tne following relat.ion between the angle of in--

ternal friction, 0 , and the Poisson ratio

) 1-1 - sin- 0-V
RV

and numerical valueb shown in the tabular form

0 200 250 300 350 W0 450 500

sin 0 0.342 o.423 0.500 0.574 0.643 0.707 0.76o

K 0.658 0.577 0.500 0.426 0.357 0.293 0.24o0

v o.4oo 0.365 0.333 0.295 0.262 0.226 0.194

Many of the computations and figures were completed 15 years ago, and

the value v = 1/3 was used fox convenience but only for illustrative

purposes.

35. Taylor (1-945) suggests that t..e probable valut of N is
S

close to that of M , corresponding to K = 1.0 . Such values of5 S

N 3and K are also used by Peattie and Sparrow (1954). IHowever,3 13

these investigators treat tests in a solBri-wailed cylindricEl test bin

as a case of uniaxial compression but they also suggest that the modulus

of deformat.on of the soil, M , be determi~ned for the saxie stresss

Conaitions or by means uf a confined compression test, i.e. a consoliha-

tion test. In such a test the lateral stresses are
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) " 0 5-C)x y zl-v

where a = a is the axial soli streoss act.i' g on the faces of the pres-
s

sure cell. The axial soil deformation Is then

a z v(a X o
6 =6 x=

s z M

or by urge of Equation 15-C

s z M s

and for v= 1/3

6 2 a 7
- =

s M 3 1. Mrs S

or an equiva3 ent value of M equal to 1.5 times that which would bes

obtained in an unconfined or un.Laxial compression test. This corresponds

to a value of K close to 1.r5 which agrees with that shown in Fig-s
ure 14 for cases 1 and 4. Much greater values of N and K were ob-

tained in some experiments as described in the following paragraph and

in Part III of this report. It is again emphasized that the theoretical

equations and values of the indente.tion parameters, mentioned in the

foregoing paragraphs, represent only rough approximations of the actual

Ltresses and deformations.

36. Theoretical values of ac/O / versuJ M /Ms , Equation 7, are

shown in Figure 15 for various values of K . The lower value,$

K I 1.33 , corresponds to a uniform stress distribution on the cell as

shcwn in Case 2 of Figure 14. The higher vaiu-e K -- 3 , was obtained

from the average indications of W-ES pressure cells embedued in triaxial

test specimens of fairly dense sand subjected to uniaxial cyclic loiding.
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Still higher values of K were found when the stress conditions in the

sand approach those of failure. The registration ratio a c/a approaches

the limiting values, given by Equation 8, with increasing modular ratios,

M /M , whereas a /a decreases to zero with decreasing modular ratios,
Csa c s

or increasing M /Mc . The shape of the diagrams in Figure 15 agrees in

form with experimental data corresponding to confined compression, but

K is larger for dense sand. Unconfined compression or uniaxial loading
S

combined with a curved stress strain diagram produces great variations in

M and K as the unit load increases.5 S

37. Error ratio. IReferring to Equation 1, the relative error or

error ratio, a /U in the pressure cell indication is determined by
e a

e c -- -- - -i(18)

A graphical diEgram of a /aF versus M /M can be obtained from Fig-

e a C a
ure 15 simply by changing the ordinate scale as shown on the right-hand

side of this figure. An analytical expression for the error ratio can

be derived from Equations 7 and 18 which yield

M

sDMc

The limiting positive values of o /a is obtained for (M s/M e) 0

e b

e (Jim) = K T (20)asD

which shows that the limiting values are proportional to B/D . TkilI

proportionality applies also to finite values provided M /M and B/'D

are small, as shown by Peattic and Sparrow (1954).

38. Triaxial stress changes. As shown in the foregoing

5'



paragraphs, som-e problems involving triaxial stress changes may be solved

by the equations for uniaxial stress changes perpendicular to the pres-

sure cell, provided the soil modulus of deformation is determined for

the same direction and triaxial stress changes. However, equations

which consider arbitrary stress changes in the three principal direc-

tions, the influence of the Poisson effect, and the usual modulus of

deformation should provide solutions of mvch wider applications. Assum-

ing as before that there is no change in the pore water pressure and

that the total and effective stress changes are ox , a , and az

Equations 1, 2, and 4 still apply, and deformation of the cell is

represented by

26 = 2 B (2 bis)
2c M

C

but the deformation of a soil layer with thickness 2B is now

az - vCo+ * •)
26 =2E Z X (21)

s 4Ms

With a o a - a , the indentation of the cell into the soil is de-e s

fined as before by

e s c N

which combined with Equation 21 yields

0s C) +1_3 - - (Ž_2) I

andwith =o - , K = N/MV and a -a
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aC a B (l a
0 -- = (23)a 14-M

s zDg Ks T

C

The limiting value of ac/as for large values of M or M s/Mc ap-

proaching zero are similar to those given by Equation 8 or

(1Am) = I + K -. Y (24)

Equation 23 applies to measurement of vertical stresses, a , in the

usual coordinate system. For measurement of a lateral stress, for ex-

ample a , interchange a and a , and with a = a Equation 237,Z X S X

becomes

B o B V xc = to =- (25)

p Ms x D + r
B sM

c

When a is greater than c and a , Equation 25 will usually yieldz xC y
2•, -f ic O u~~.. .3 ..I ; •m lli Jth.. .. ... 9= 9lL~ 79 -

;Va.L(atb V.A. V / U WLI.LCL A C flUnlaXAL UL LW± .I X 3fCV= r iLLLC A434 r L" iaici -cx
more, the friction between the soil and the end surfaces of the cell may

be greater than between soil and cylindrical surface for a horizontal

cell, corresponding to Equation 23 and Figure 17.

39. Exaples of apjlications. In case of earth pressure at rest

or confined virgin Con.3oiidation, the theoretical relation between the

Poisson ratio and the principal stress ratio is

o3 °x V
- = (26)GI az i-V
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or for v = 1/3 , o = a 0 0.5a . Equations 23 and 25 then become
x y z

D 2
C-- S (27)

D Mz D s. 7
B M

c

and for Equation 25

D
c c B (28)

o a• M
axD s

y + K -_LB SM
C

A graphical representation of Equation 27 is showa in Figure 17 for var-
ious values of K . It is noted that a c/z = 1.0 for M c/M - 1.0

and for any value of K and. M /M - = _ This is in a Pe•ent vi th
5 C S I

a previous statement that the apparent modulus of axial deformation for

confined compression is 1.5 times that for unconfined compression when

v = 1/3 . Diagrams for ac /x in Equation 28 are shown in Figure 16.

In this case the cell stresses, a , are smaller than a and a butC x y
they approach each other for large values of the modular ratio M /MSCs

40. For the rare case of uniform pressure change, a = y = a ,x y z
Equations 23 and 25 become

o a a -+ Ks l - 2v)o C - -C c (29)
x y z s D+K _s

B M
C

and with v = 1/3

D 2a -+-+ K
c B 3 s 

( 0-- M (30)
D Ms D sg+ Ks•

41. Comari-sons. The foregoing examples of the action of
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pressure cells in case of triaxial stress changes in the soil show that

the simplified theory yields registration ratios, ac/os , for vertical

or normal stresses which decrease with increasing values of the Poisson

ratio and the lateral stress changes. In contrast thereto, the more

rigorous investigations by Askegaard (1963) indicate that the influence

of the Poisson ratio is smallest for v = 0.3 and increases for lower

and higher values of v , Figure 32A. The simplified theory usually

yields underregistration of cells placed to measure minor horizontal

stresses, Figure 17. Triaxial tests at the WES show only small under-

or over-registrations in the measurement of radial and tangential

stresses. Additional data or investigations are needed, and the in-

fluence of lateral stresses on the registration of stresses normal to

the cell should not be confined to the Poisson effect of lateral defor-

mations, as assumed in the simplified theory.

Installation problems

l2. Seatin• load. Great errors in pr,'i•,-' cell indications may

be caused by improper installation of a cell. Recent and very interest-

ing research on the installation of small pressure cells of the type

snown in Figure 9 has been performed and reported by Hadal (1967).
Additional research and a manual on installation of soil pressure cells

in general are needed. It is practically impossible to install a pres-

sure cell in virgin soil without disturbing the soil and the stress

conditions, first by excavating a hole, secondly by placing the cell and

backfilling the hole without attaining the original soil properties and

stress conditions. The difficulties are reduced but not eliminated when

the pressure cell is installed during construction in a fill or at the

the contact between backfill and another structure or virgin soil.

Coarse or stony soils cause additional problems which will be mentioned

later, but even in sand and finer graded soil it may be difficult to ob-

tain good contact between cell and soil and 0o avoid differences in phys-

ical properties of the soil close to the cell and those of the main body

of soil. Overcompaction causes an increase in cell registration, called

pocket action or cover action by Taylor (1945), whereas undercompacticn

or too compressible soil has the opposite effect. Observations during
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the 1954-55 test series indicate that irregularities in soil deformations

and cell indications in the first loading cycle are decreased in subse-

quent loading cycles. It appears that a certain seating pressure on

cell and soil cover is needed to obtain satisfactory contact and stress

conditions between cell and soil. Residual strain and stresses are

created by such a seating load and should be taken into consideration by

a new zero setting of the cell. It is possible that the residual strain

and stresses may be increased too much by repetitive loading in tests on

soil in a solid talled container, because of the influence of sidewall

friction. Experimental data on the optimum magnitude of such a seating

load are not yet available. At this tiue it can only be suggested that

a moderate seating load be applied during installation of the cell, and

that a larger seating load, about equal to the anticipated maximum load,

be applied when the cell is covered by enough soil to protect it from

damage by passage of construction equipment. Proper placement and pre-

loading of cells placed on edge for measuring lateral or inclined

stresses is particularly difficult. Additional systematic investigations

of these problems are needed. Comments in the following paragraphs may

be of assistance in the planning of such tests.

43. Soil pocket formation. A body of soil around a pressure cell,

of limited extent and with properties different from those of the main

soil mass, may be considered as an inclusion, and the average stresses

in r•unh n !nil nnlcket mjay bp comnuted by methods similar to those for

pressure cells in a uniform soil mass. As a first approximation, it may

be assumed that the soil pocket forms a cylindrical disk with the dism-

eter D and the thickness 2B as shown in Figure 18A. With thep p
average modulus of deformation M , the average load on the soil pocketp

may be computed by inserting D , B p and Mp in Equation 23 instead

of D , B , and M , which yields
C

D0

o B s
D (31

+ KN
P P

1
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The ratio a /a increases with increasing stiffness of the soil in the
P S

pocket or with decreasing values of M S/M , but there is a limiting

value or up /s corresponding to MN/I = 0 , or

a Bp x + ay
-R (lir) = K +DK - v (32)C s Dp az

which is equivalent to Equation 24. It should be noted that M , N ,

and Ks = N /M refer to the main soil mass which has not been changed

by the pocket formation. As shown in Figure 14, Na and K are

fairly independent of the pressure distribution. If the pocket actually

has the shape of a cylindrical disk, there should be a stress concentra-

tion at the edges and the stress in the center would then be smaller

than the average stress, a , which would decrease the influence of a

soil pocket on the load acting on the pressure cell. The soil pocket

may be lenticular in shape which would decrease stress variations. How-

ever, the load on the cell would be increased when the modulus of the

cell is greater than that of the soil in the pocket, or M > M > Mc p s

provided the distance from the cell to the surface of the soil pocket is

great enough to eliminate boundary effects, see Figure 29. The load on

the pressure catll can now be determined by substituting a for a inp s

the equations for interaction of cell and soil. As indicated by Equa-

tions 31 and 32, the overstress in a pocket of dense soil can be de-

creased to tolerable amounts by decreasing the thickness-diameter ratio

of the soil pocket. On the other hand, a large overstress may occur and

misleading data may be obtained when the thickness-diameter ratio of the

soil pocket is large. A pocket of loose soil, M < Ms , causes under-p S

stress and its relative influence on the cell registration is nrit as

easily controlled as is that caused by overstress in a pocket of dense

soil.

4h. Compressible soil cover. A soil pressure cell may be placed

in a carefully excavated hole in the undisturbed soil or in compacted

fill 2 Figure 18B, but the backfill or soil covering the cell is often

more compressible than the surrounding soil. Taylor (1945) terms this

61



condition a soil cover in contrast to a soil pocket. The action of such

a soil cover is similar to that of a compressible backfill of limited

thickness often used to reduce the effective load on a buried pipe, Fig-

ure 18C. The compressible cover may cause the overlying denser soil to

arch over the buried cell or pipe. When complete arching does not occur,

the effect of a compressible cover with thickness 2B and modulus MV V

may be estimated by use of Equations 23 or 31, but the full thickness,

2Bw , should be used instead of half the thickness, Bw , because the

soil cover is bounded by the more rigid cell, similar to a pressure cell

in contact with a rigid slab or wall. The equation for the approximate

reduced pressure, ow , to be used instead of the average soil pressure

C may then be written

D +x +

a 2B s
B + (33)o M (3

s D s
2B s Mw w

In case the thickness of the compressible cover is sihall, it may be

expedient to investigate the combined effect of cover and pressure cell

by use of Equation 23 for the combined thickness 2(B + B ) and usingV

an equivalent modulus, M , determined bye

1 (B + B LB + 1 B (34)
M M M V

e c v

This equation can also be used when M is greater than M and a rela-

tion similar to Equation 33 can also be derived for this condition. All

the equations are subject to the limitations of the simplified cell-soil

theory and can only yield roughly approximate results. However, the

disturbing effect of a compressible soil cover of a cell in a hole may

be much greater and more difficult to estimate than that of a soil

pocket. InsLallation of pressure cells in soil pockets of adequate size

is preferable to installation in close fitting holes.
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45. Coarse and stony soils. Barring special precautions, in-

staiiation of a pressure cell in stony soil may cau:3e stress concentra-

tions and some changes iri the registration of Carlson, WES, G16tzl, and

similar cells but much greater changes ý.n registration and possible dam-

age may occur in the case of eells with exposed measuring diaph.ragm. The

size of pressure cells to be used in direct co.intaut with stony soils is

generally increased, but opinions concerning the required minimum size

vary greatly, and a systematic experimental investigation of this prob-

lem has not yet been made, It has been suggested that the diameter of

a pressure cell should be about 5 to 6 times the diameter of the largest
soil particles and that the diameter should not be less than 6 to 12 in.

for cells used in sand, whe-eas smaller cells may be 1.sed in finer)g.ained soils. It would seeia that consideration also should be given to

the type of cell used; i.e. cells with a fully active face and an

interior load equalizing liquid versus cells with an inactive rim and an

exposed diaphragm. Referring to cells in sand without stones, it may

be claimed that a cell size which has yielded satisfactory results in

,uodei andA laborrtory tests also shouih be adec'uate for field use in the

asame type of soil. Small pressure cells may possibly be used in stony

soils provided they are placed in adequately proportioned pockets of

finer grained soils, and that the relation of the moduli of the soils in

tne pocket and the main deposit be determined. In some cases it may

eveIL be sufficient to remove stones from the vicinity of the pressure

cell or to pass the field. soil through a sieve and use the raterial

L passing the sieve in a soil pocket for the pressure cell, but the change

in the modulus of deformation of tne scalpea soil should ulau bl

investigated.

Influence of changes in

* pre:isure of the pore fluids

46. Function of pore fluid. In deriving 'the foregoing equations

ii. was tacitly assumed that the soil is dry or that there is no change

in the pressure of water and/or air in the soil pores, that is, the mea-

sured ftresses indicate a change in effective soil stresses which is

equal to the change in total stresses. A chrrnge in the pore fluid alone,
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without any change in the effective soil streeses, may be illustrated by

a change of back pressure in triaxial soil tests. Such r. change will

not affect deformations of the soiL. but it will influence the def.ections

and indications of the pressare cell which represent changes in total

stresses. Usually, changes in pore water pressures and effective

stresses are interrelated, but the form of this relationship is often a

controvcý-sial aitter and is outside the scope of this report. Changes

in pore water or air pressure can be measured quite easily and accurately

by means of a piezometer or fluid pressure gage. The changes in effec-

tive stresses are determined by subtracting the fluid pressure changes,

measured by a piezometer, from the change in total stresses measured by

a soil pressure cell.

47. Basic relations. Assume that the effective change in soil

stresses a V a , a are concurrent with a change u in the pore

pressure. The probl m 4.s now to det.ermine the effect of the additional

deformations of the soil pressure cell caused by the cha•nge in pore pres-

sure. Considering stresses and deformation in the z direction, or

= , the deformation of the soil is that given by Equation 21.• s z

26 =2B z x (21)
s Ms

and the deformation of the presLsure cell is

ai + u
26 = 2 (35)c M

In the case of the WEC scil pressure cell, the deflection of the cell

caused by hydrostatic liquid or air pressure is only 80 percent to 90

percent of that for direct static loa.ding because liquid or air enter-

ing the ciicumferential slot counteracts part of the loading on the face

plate, or the modulus of deformation ib Mh considering only hydro-

static loading of the face plate and Equation 35 'would then be changed to
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26 =2B3 +a•
c M~ W

however, the same result is obtained by using Equation 35 in combination

with the effective cell diameter for liquid or air loading or the actual

outside diameter and a reduced value of u obtained by multiplying the

actual u with the ratio of the calibration factors for hydrostatic and

direct static loading. The latter method appears to be the simpler one,

and Equation 35 is used in the following derivations. As before, the

indentation of the pressure cell into the soil is 6 = 6 - 6 , ore s c

using Equations 21 and 35

a/a +a\ a tu

c (36)

ee

6 N e D (6 bis)

"and

""e (oc +u)- (a +u) = ac- os

which is independent of the pore water pressure, and Equation 6 can then

be written

0c -- Os

6 e N D (37)

which with Equation 36 yields

iD a -a S 1 V oa+

Ns M) +

and with K = N /M
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HD / xa y u
+ M

ac B + K s -. V K s

BDs--+ Ks
B sIM c

This equation is identical to Equation 25 except for the last, term in

the enumerator; that is, a change in pore pressure changes the value of

a /a by

Ms uK-
cM (..C .___C- (39)

0s D
-+ K -

c

Positive values of the pore pressure change, u , cause a decrease in

overregistration and an increase ir. underregistration whereas a nega-

tive change in pore pressure has the opposite effect. Potential errors

are smaller for a negative than for a positive change in pore pressure.

48. Equivalent cell modulus. The influence of a change in pore

water pressure on the registration ratio for effective stresses can also

be taken into consideration and, perhaps, better visualized by intro-

ducing an equivalent cell modulus, Mc , which yields the same deforma-
c

t.on as Equation 35 for the unit load a ; that is,
C

2B €--- = 2BM Mc c

or

a
1' M - C (0o)c c a + uc

The WES soil pressure cell has the cell modulus M for direct load-
C

ing on the face plate and the modulluc Rh for hydrostatic i. .ding, and

the equations are then changed to
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S2B - 2 B M O
+ k)

and

M' =M C (41)
C cc Cc+ U(-)

Estimates of MC/Mh are usually based on the ratio of the calibration
factors FsG IF . ValueE of a and u are or can be measured in the

field and a' a a - u , but these values must be estimated in design of
c c

pressure cells and discussion of the reliability of intended measure-

ments. When M' is introduced in Equation 35 and subsequent equations,c

these equations become identical to those obtained for the action of

soil pressure cells for stress changes without a change in pore pressure;

that is, these equations and corresponding diagrams can be used without

further consideration of changes in pore pressures when M /M is re-

placed v°ith Ms114 This applies also to tChe action of pressure cells
placed at the boundaries or Interfaces of soil masses. For a positive

change or increase in pore pressure, u , M' is smaller than M,
c C

which again emphas;izes the importance of making cell modulus as large

as possible and reducing the cell deformations to the minimum compatible

with the required resolution of the pressure cell.

Pressire cell action
Influenced bI boundaries

49. Cells close to the free soi]. surface. The simplified theory

for soiJ-pressure cell interaction cannot be used when the cell is

close to the free soil surface. Taylor (1945) states that the proposed

simplified theoly is based "rn the assumption that the embedment of a

cell is large enough to permit development of a normal pressure bulb

above the cell and cites the following examples. A pressure bulb in-

dicating stresses equal to ten percent of the unit load has a height

equal Lo 1.75 times the diameter of the cell, Figure 19, whereas a pres-

sure bulb corresEonding to two percent of the applied surface pressure
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has a LeL6hnt of about four cell diameters. Estimates of the variation

of press.-.- cell registration as a function of the depth below the free

soil surface are discussed in the section on trap door analogies.

50. Terzaghi (1943, pp. 66-76) presents a theory for the approxi-

mate pressure of sand on a long or strip-type trap door, Figure 20. He

states that effective arching in sand ceases to exist at a distance

above the door equal to two to three times the width of a long door,

depending on the properties of the soil and the movements of the door.

McNulty (1965) performed extensive and carefully executed experiments

with circular trap doors. He concluded that a cover with a thickness

slightly less than the diameter of the door may be sufficient for devel-

opment of active arching, and that a cover with a thickness of one to

two times the diameter of the door is adequate in most practical cases

for development of passive arching.

51. Mason and Associates of the United Research Services (1963,

1.965, 1971) investigated arching around trap doors and inclusions by

experiments, theory, and reviews. These investigations are discussed

in the section on trap door analogies, and the results agree fairly well

with the observations of Terzaghi and McNulty as shown in Figures 30A

and 30B. The ratio of cell stress to surface load or field stress is

1.0 at the surface, and it increases or decreases exponentialy with

increasing depth ratio, z/R , until the ultimate overregistration or

underregistration of the cell Is attained. The depth at which the in-

fluence of the free soil boundary becomes unimportant varies with the

cell diameter, the cell and soil properties, the stress level, and the

differential deformations of soil and pressure cell.

52. Pressure cells at rigid boundaries. This section deals with

pressure cells flush inserted, s'traddling, or just in contact wi.;h a

foundation slab or a backfilled retaining wall which can be cons:Ld-

ered rigid in comparison with the soil. The simplified theory cannot

yet be extended to cells which are close to but not in contact vith such

a boundary. To simplify derivation and comparison of basic equations,

it is assumed that only the effective stresses but not the pore pres-

sures are undergoing a change. A change in the pore water pres';ure can
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be taken into consideration by using a modified modulus of the pressure

cell, equivalent to the pore pressure change as explained in para-

gro.phs 56 and 57.

53. To be considered is a pressure cell with diameter D and thick-

ness 2B, set in a horizontal surface of a rigid material with a protusion

H s into the soil, Figure 21. For the stress changes o , ay , oZ

of the soil, the vertical deformation 6 of a soil layer with thick-

ness H is

6 --.= 6 - [ - ,(o + a ) - and a = (42)

z S x Y1Ms s z

and the deformation of the pressure cell, for its total thickness, is

ci

6s = - 2B (43)s MC

The indentation or penetration of the cell into the soil caused by the

stress change is

H o
6 e 6, - 6 - o - ,(o + o M] - 2B (44)

e s cL z x y'jMs Mc

A-bfrJt-i -,-e that... 6S alco ca-...exrs- ..
e

6 -ED where 0 (45)e N e c s

"Equations 44 and 45 yield

o1 -oo 1 %o 0

After reduction and with K = NS/Ms , the equation can be written as
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_ + 1 
( 

a K6

2Bc a 2

M (46)
D

2B M LKa
C.

Equation 46 applies to pressure cells embedded in a horizontal slab for
4

measuring vertical stresses. For pressure cells in a vertical wall and

measurement of horizontal stresses, for example a , Equation 46 changesx

to

D I +
o ~2B + aTB s°C _ _ O_• __

- - = ( 4 7 )
s x D M

2B-3 M ka
C

54. Some examples of applications of Equations 46 and 47 are

discussed in this paragraph. Consider first a pressure cell embedded in

a horizontal slab, Figure 21, and subjected to a uniaxial stress change

or a a = 0 ; Equation 46 is then reduced to
x y

HU a + -- s
c c 2B 2B s (48)

o o M
s z D + s

+ -M Ks
C

For earth pressure at rest and v 1/3 , or a =o = z/2 1 /2x y z s
Equation 46 becomes

D 2H
a C- - +- ---E Kcc_2B 3 2Bs (49)o a Mv
s a z D _

TDf+ M s

Graphical illustrations of Equations 48 and 49 are shown in Figures 21

and 22 for D = 6 in., 2B 1 in., and K - 1.33. Comparison withs

the corresponding equations and Figures 15 and 16 for pressure cells in
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a free field shows that a pressure cell in contact with but not embedded

in a rigid horizontal slab, H= 2B , acts as a cell in a free fieldS

with the double thickness, 2B half thickness, and that the limiting

potential error ratio is twice as great as for a cell in a free field.

On the other hand, a pressure cell flush embedded, P = 0 , in a rigid
s

structure always underregisters, and only for the ultimate condition

(MsiMc = 0), is the registration ratio (c !c s) = 1.0 . For interme-

diate conditions it is possible to determine a value of the protrusion,

s , which yields 100 percent registration or (a c/a ) = 1.0 for given

values of the deformation moduli M and M • but these conclusions doC S

not apply to pressure cells in contact with or embedded in a rigid verti-

cal wall. For such cells and stress change conditions for earth pres-

sure at rest or v 1/3 and a = a = a 12 , Equation 47 applies butxK y z

is reduced to

D
cc _ 2B (50)
a a M4

S x D s

C

The conditions represented by Equation 50 are illustrated by Figure 23.

It is seen that the registration ratio is independent of the protrusion

H - and is less than unity; that is, a pressure cell embedded in or ins

contact with a rigid vertical wall, and with earth pressure at rest,

underregisters and is not influenced by protrusion of the cell; there-

fore, such pressure cells are generally flush mounted in order to

avoid damage to a protruding edge during the backfill and compaction

operations.

55. The numerical examples in Figures 21, 22, 23 are primarily

intended for illustration and comparison and the diagrams are computed

for the same values of N and K used, in previous examples, whereasS s

the values of N and K increase at rigid boundaries as shown in theS S
special investigations by Walen (1942), Gravesen (1959-B) and Askegaard

(1959, 1961) are summarized in Figure 31. These investigations also

indicate that the use of relations based on simplifications or
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approxima'.ions should' be confined to very small ,deformations of a pres-

sure cell embetdded flush with the surface of a rigid slab or wall, since

the area of contact between the soil and the pressure cell decreases

with increasIng deformation and becomes zero for a relatively small

deformation, Figure 31B.

56. Pressure cells at interface of materiala with lifferent

mrepressibility. The foregoing paragraphs deal with the action of pres-

sure ce.Lls in a uniform free field or at the boundary of compressible

and incompressible materials. The more general condition of a pressure
cell At the interfacc of two different but compressible strata is dis-

"cussed in tht following paragraphs, primarily for the purpose cf enumer-

ating the masi, factors to be considered rnd to demonstrate some general

relationships. Figure 24 shows a pressure cell straddling the interface

to the two strata. The modulus for deformation of the softer materials

is designated by M and the more rigid stre tum by Mr ; further-

stress, c. = (T The cnbedments of the cell in the two strata are H
"- and 1 . and

sr

As before, the deformation of the cell caused by the stress change ac
corres. ndirg to a in the soil, is

r 26 -2B (2 bis)
Mc

whereas the corresponding deformation of soil sti'ata with a total thick-

ne.s 2L and .he stress chbnge a = z is

%j x+ o\/H H\
.. , . ••s az z 3~ (2

fhe &veruge change in penetration into new 3oi). by the two faces of the

cell are in Equ-tlon 4

5' T
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I 6e - 6  (4bis)i e a C

The overstress or understress, a , is defined by Equation 1, or

= 0 c - o (1 bis)°e c s

and is the same for both faces of the cell when the friction and adhesion
on the sidewall of the cell is neglibible. Referring to Equation 6, the

total change in penetration, 6 , can also be expressed by
e

26e D + D D + (53)e N Nk
S r

Where the indentation coefficients N and N are functions of thes r

properties of the materials and the ratios

N Ns r._A = _ = K (54)M M s

are assumed to be constart, as before. Multiplying the terms in Lhis
equation by (M IN) yields

N M M
R, = K s (55)

7 r r r

Ar 1,e -Ainu~c of' t~wo given soils is constant. Equations 1, 2,
14, 52, and 53 yield

X ov H 8 H a
(ac. a )D + = .) -M -- 2

Introducing the modular ratio R , Equation 55, and rearranging yield
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c N S= •-D (1 + R + ÷ 1--•z I Hs + R H )

C, s

or

i4 a +\
+

I__ND(l + R 6. - " (H + RsHr)

O 1 D(I Rs) + 2B
N- N

s C

Multiplying by N and introducing K from Equation 54 produces the

equation
1 0 +0a •H

D(1 + Rs) + Ks - -"-H- + Hr

SM (56A)fM
s D(l + R ) + Ks2B M-

or the alternative form with individually dimensioortess ccmponentraio

r.elements

DHr ndu+i s r R , • diX s+us H ts parac 2B s 2B

For~~~ (56Br)t= n wt H 2 qato 63 eoe
Ss D

. (1o + i,0 M s

,:• s 2B lu ÷ ,, - s M •

•,; " '•iThese equations constitute a general expression for the registration

+

bfratio, uo /o . obtained by the extended Taylor theor -y. "•

0+C;

-S *, ,

a'.. 7. imp e fo m fE ut o s5 o ell evl e f i

+ Ks

• o8o

ek oAM , A i., .. A_-I _



which is identical to Equation 23 as it should be since the conditions

"specified correspond to those for a pressure cell in uniform soil. For

Mr infinite or M /M = R = 0 , Equation 56A becomes
sD r Hs

0_%=2•+ Ks -V
0 2B a2B

c Mas D s
+÷Ks R

which is identical with Equation 46 for a pressure cell at an incompres-

sible boundary and protruding the distance H into the soil. The in-
s

j fluence of the modular ratio, R. = M /M , on the registration ratio,

0/Oa , varies with the relative values of H and H and is best
c s S r

examined for symmetrical conditions or H H B in which ceses r
EquL.tion 56B reduces to

-- = (57)D x

2B Rs M-

s s

values of R considering the definition of M and M . A numerical
s S r

example indicating possible variations of n /Cs and a e/a for the

maximum and minimum values of R is shown in Figure 24. It is assumed

that (D/2B) = 6.0 , K M 1.33 , v = 1/3 , and a = a = 12 . Thesx y z

numerical form of Equation 57 is then

* a 6.44(1 + R)
_0c = (58)o M

6.0(1 + R) + 1.33 M-
c

Values of 0 /0 as a fPinction of M /M are shown in Figure 24 for

81

.: . " ta Jst •I , .. vs~.mt * i. d . ' *



R a 0 and R = 1.0 . it is seen that the soil-soil modular ratio,s s

R , has relatively little influence on oc/a s when the cell-soil modu-

lar ratio is greater than 1.0.

58. A remaining problem concerns the placement of a pressure cell

at the interface of two different soils; that is, the values of H and
Hr which yield the optimum value of ac/Os . These optimum values

depend on many factors, but the following discussion is confined to the

influence of the relative value of M with respect to M and M ,c S r

and it does not consider possible singular solutions for special stress

conditions or values of a , G , and a . As defined, M is the
x y z r

modulus of the less compressible soil layer and is greater than M ,5
the modulus of the more compressible soil layer. Also by definitions

H + H = 2B
s r

and introducing

H
S

FH = n
r

yields

= 2B n (59)Hs l+n

_'. H = 2B 1 (60)
r l+n

The las+t term in Equation 56b can tnen be written

H +RH n+R
S e r s (61)

2B n +1

where Rs M /M is a constant for given soils and n is the variable

for which the optimum value is sought.

"59. When M is smaller than M the pressure cell will always
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1 '-' underregister, and the optimum value of "n" is t:,at which produces the

maximum value of a/Ia in Equation 56. The only variable on the right
C S

side of this equation is the term shown in Equat:'on 61, and the maximum

value of this term is obtained for n equal to Infinite or 1/n = 0

which yields

Hi 0 and h = 2Br s

that is, the pressure cell should be placed entireLy ir the more compres-

sible layer but in contact with the interface between the two layers.

60. For M greater than M but smaller than M , the regis-

tration ratio oc /O may vary from sm..ller than 1.0 to greater than 1.0

with changes in H and H . The optimum values o.1" I and H ors r s r

of the ratio n are those which produce ac/as = 1.0 . Equation 56B

may then be reduced to

) _s s sr
K M KssSK = Ka 2B

and by use of Equation 61

M Sx n R
- l_-. = I -- . (62)Mc z

from which "n" and the correspondiag optimum values of H and H can
S r

• be determined; see also Fignre_ 21-2.
S61. In case Mc is greater than M , the pressure cell w:ill

h always overregister and the optimum value of "n" is that producing the

minimum value of a c/s in Equation 56B , or Equation 61, since F is

"""maller than one. The minimum value of the term (n + R )/(n + 1)S

occurs fur n = 0 or H 0 and H = 2B ; that is, the pressure cell
5 r

"should be placed in the less compressible layer but in contact with the

S- interface between the two soil layers.

62. Important limitat;ons. The special case of a pressure cell
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located at the interface of two compressible but different soil strata

has not yet been treated in ava4.lable publications. The foregoing dis-

cussion and mathematical analysis of the problem is based on the same

assumptions as the simplified analyses of the soil-cell interaction in a

free field; that is, the method is a simplified indentation analogy, in

which t.he soil deformations are determined by simplified equations and

the inaentation forces are obtained by the Boussinesq equations for a

load at a free soil surface. The direct influence of lateral stresses

on the axial stresses is not considered. It is probable that the result-

ing explicit formulas yield an indication of the form of relationships

under investigation, but the numerical results may not be reliable, and

the errors in cell registration are generally larger than those obtained

by the simplified equations and diagrams. Improved results may be ob-

tained by multiplying the independent coefficients in the equations,

especially K , with a correction factor. Such a correction factor is

not yet available or even constant, but the maximum values are indicated

by the limiting diagrams for a c/c or ae/as in Figure 24, and the

di:•ference in ordinates of the two limiting diagrams is not l-_r-e.

Th'.se limiting diagrams may also be obtained by other and more reliable

methods of analysis, as described in the following summary of currently

available theories for soil-cell interaction, Finally, it is to be

noted that the simplfied analysis can only be applied to a pressure cell

straddling or in contact with an interface or boundary but not to cells

a short distance from such discontinuity.

Influence of extra-
neous soil de-form-tionz

63. Definitions. The simplified theory for the interaction of

soil und pressure cells, discussed in the foregoing paragraphs, is con-

fined to conditions of corresponding changes in stresses, strains, or

deformations of the soil, which may be expressed by

o 0

C -- and 26 2Be s B - (63)
M A



where a and c are corresponding changes of stress and strain in

the soil, and 6 is the deformation of a soil layer with thickness 2BS
equal to that of the pressure cell. It should be noted that the modulus

M here has the same numerical value as that used in determining thes

indentation coefficient and ratio, N and K , as discussed in para-

graph 32. These deformations may be called stress-dependent oz normal

deformations. However, strains and deformations may take place without

a change in stresses and may be designated by

E. and 26 2Be but
sse e se

without a corresponding change in soil stress or a = 0 (64)s

Such strains and deformations are ncnstress dependent or extraneous de-

formations, which maý- be caused by creep, loading followed by unload-
ing or vice versa, shrinkage or siwelling, and by temperature changes,

SCarlson (1939) and Monfore (1950)o Unrestricted shrinkage or swelling

occur wit'cut a change in outside forces and total stresses. The in-

fluence of temperature changes discusz;d in this re:oort refers only to

the effect of a difference in volume changes of cell and soil for a

given temperature change. The influence of temperature changes on the

internal parts of a pressure cell are usually made nearly self -ompen-

sating so that they do not caus2e any change iii the c&librati.on of a cell

or the indication of the cell for a given, effective load change.

64. Errors caused b• extraneous deformations. The following
_-lysi ................. •c extrancous deformatioris &L zý_ro stjitt$

changes, corresponding to Equation 64. The methods and assumptions of

this simplified analysis are similar to those previously used for normal

or stress-dependent deformations and are subjcct to the same limitations-

Referring to Equation 64, the extraneous deformation for a soil layer

with thickiiess 2B and at a strain c is
sC

26 = 2BE
se B
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This soil deformation causes a change in deformation, 25 , and a cor-

responding change in stress registration, a , of the pressure cell.ce

Since a. = 0 , the change ace is also the error in cell registration,

or a = a . The total change in deformation of the cell, 26 , ise cc ce

then

C'

26 =2B --
ce M

C

The indentation of the soil by each side of the cell is

6 =3 (se (66).e

se e ce z se M) (66

Accordir.g to Equation 6, 6 can also be determined bye

a

6=D e (6 bis)
e N

which combined with Equation 66 yields

Bk eB •e

or by resolving for a
e

Be se B Be Ns
e D B D M (67)

-+ •- i 5B I
s c KsM

c

where K is defined by Equation 'r or

N
% A
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The error in cell indication can then be determined by Equation 67 when

the extraneous strain c is known, but comparisons with similar equa-se

tions for normal or stress-dependent deformations is facilitated by

introducing an equivalent stress, ase , which corresponds to the strain

ese and the current value of the modulus of deformation of the soil,

M , or
S

. se seMs (68)

Dividing Equation 67 with Equation 69 yields the error ratio for extra-

neous deformations

N
_-L

0 M4
ae B Ms

o D 14
se B+ K

D sM
C

- DBs M (69)seB s
D s D sMse1 + Ks M-

c

Values of oelose as a function of M s/Mc or Mc /Ms are shown by

the upper diagram in Figure 25 for a WES soil prezsure cell with

D 6.0 in., 2B 1.0 in.,and K = 1.33 . The error ratio varies from
ZL-L- AU P1/f 0 to a Hamiawa of0 0.iii UL ins/Mc 0) There is very

little variation in oe/o when M is larger than M As before,
0e is positive when it represents an increase in cell regis~tration and

compression, whereas c and 6 are positive when they indicate ase se

decrease in thickness of soil layers and an increase in soil compression

above and below the cell. Strains and stresses of opposite sign occur

in soil outside but close to the periphery of the cell.

65. Comparison of errors b normal. and extraneous deformations.
. Equation 69 and the upper diagram in Figure 25 represent errors in cell
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indications caused by extraneous deformations. Corresponding values of

the error ratio for normal or stress-dependent deformations may be

determined by Equation 19 or

M

o M
e _ BK c (19 bis)

o D s MB sM

c

and the relationship is shown by the lower diagram in Figure 25. The
maximum value of o /a occurs at M /M= 0 and is 0.111 or the same

e s sc
as for oe/Ose . However, for Ms = Mc the error ratio ae/as = 0

whereas a e/a se = 0.10 , and for values of M smaller Ms there is

not only a great numerical difference between the error ratios for

stress-dependent and extraneous deformations but these ratios and the

needed corrections are of opposite sign. These results are important in

case normal and extraneous deformations occur at the same time; for fur-

ther discussion of this problem see paragraph 67.
66. Influence of temperature changes. A vhange in temperature of

a pressure cell and the medium in which it is embedded may affect the

indicated pressure in several ways, which may be summarized as follows:

a. A temperature change will affect the electrical con-
ductivity of wire or foil strain gages in a pressure cell,
but the connections of these gages are usually so
designed that positive and negative errors practically
compensate each other.

b. The steel or other metals in a pressure cell has a much
greater thermal expansion or contraction than the matrix
in which the cell is embedded. Consequently a tempera-
ture change will cause a movement of the cell with re-
spect to the surrounding medium, and the sum of the
movements of both faces of the cell may be expressed by

26se = 2B(ac -a s)TO (70)

where ac is the coefficient of linear thermal expansion
of the cell, a is the corresponding coefficient fus

-~LL~ *• C - -. - "''. ..•4.. -- -.. III.I.[
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the surrounding material, and To is the temperature
change. The relative movement of each face of the cell,
6 se , may then be considered and treated as an extraneous
deformation.

c. The third type of error caused by temperature changes
apply only to pressure cells in which the pressure on the
face plate is transmitted through a liquid film to an
interior measuring diaphragm, such as in the Carlson and
WES pressure cells. The volume change of the liquid, oil
or mercury, is greater than that of the cell material for
the same temperature change. Furthermore, the liquid film
is more or less laterally confined and a volume change
primarily occurs as a change in thickness of the liquid
film, which in turn causes changes in the pressure of the
liquid and in indicaeions by the measuring diaphragm.
This influence of tonperature changes cannot be eliminated
completely but it can be reduced materially by making the
film as thin as is c~nsistent with the manufacturing pro-
cess, usually between 0.01 in. and 0.03 in., and necessary
corrections can be determined during calibration and ex-
pressed by a general equation, Carlson and Pirtz (1952).

67. Mixed normal and extraneous deformations. Soil and concrete

subjected to creep or plastic flow and to cycles of loading and unload-

ing exhibit both normal and extraneous deformations. The latter are of

special importance when it is desired to determine the total stress

changes rather than those caused by the last load increment. The pres-

sure cell will indicate a stress corresponding to the stress change

since placement of the cell, but the indicated stress is subject to

errors, and the needed corrections are quite different for normal and

extraneous deformations, except when the cell-soil modular ratio,

M c/M , is large as shown in Figure 26. Use of a single correction

equation or no corrections at all may lead to misleading results when

the modular ratio is small, especially when it is less than unity. In

such cases it is advisable to supplement a series of pressure cells with

a few strain meters, Carlson and Pirtz (1952), which may furnish data

making it possible to separate the two types of deformations and corre-

sponding corrections. Further investigations of this problem are needed.

In general, strain meters are useful even when the cell-soil modular

ratio is large, because these meters furnish information on resi.lual

strains, creep, and rate of creep, which is needed for estimation of the
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ultimate deformation of earth and foundation structures.

, '.

* Review of Proposed Theories for Soil-Cell Interaction

68. The general objectives of this section are to enumerate the

Ii most important methods for estimating the interaction of soil and pres-

sure cells, to present a brief summary of the general principles and

I results which are of particular importance for discussions in this re-

port. Although a soil pressure cell may be considered as an inclusion

in soil or rock, the following comments do not include the more elaborate

theories for stresses on buried structures, except some parts which may
1 'be uned to advantage in tht analysis of the action of pressure cells.

Most theories consider the soil surrounding a pressure cell to be an

elastic material with constant properties, vhereas the deformation char-Li
acteriitics of soils usually change with the stress.

3Simplified methods! i in a free stress field69. Indentation analogies. One of the earliest and most commonly

u3ed pressure cell theories obtain closed equations for the cell action

b. -nalogy with the indentation of a rigid cylinder or punch into the

surfjace of a semi-infinite, elastic body, and the simplified theory dis-

cussed in this report belongs to this. group of theories. The general

pri'.• '•es of the theory have been explained in The foregoing part of

the re:.t •, but they will be summarized here to emphasize their advan-
tages anV limitations. Ilhe method bypasses determination of the actual

sueSU1 ,tJ1.lLJLIU, ol WLL~ .- LlJUL.L Y %;JLUCL iLL WL UAL ý~~Iý OsLr~ss d[•;_'btui ~ . ...... .... -"-i"y--er-g-stresse tn

strains. EXvbtions are written for deformation of the pressure cell

under itv reg-s3.ered lovod and for a soil layer under the nominal field

stress load and htving a thickness equal to that of the cell. The dif-

£feienca between these deformations Is the indentation or retraction of

the two faces of the zell with respect to the soil. The force corre-

sponding to this positive or negative indentation is then to be esti-

mated by means of the i1oussiresq equation for the indentation of the

surface of an elastic body by a smooth and rigid cylinder, and this

921
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equation together with the deformation equations mS:-'* it possible to
1 solve the problem. This method has been used by Taylor (1945), Nils Hast

(1945), Coutinho (1949), Peattie and Sparrow (1954), and others. The

analysis is simplified and deals primarily with stresses and strains nor-

mal to the pressure cell although the Poisson effects of known lateral

strains are considered in this report, directly or indirectly. The nu-

merical results may be in need of appreciable correction factors, but

the method is very flexible and yields a logical explanation of the cell

. action plus relative relationships for conditions not yet covered by

rigorous analysis, which are very helpful in the planning of further an-

alytical or experimental research.

70. Limitations - Boussinesq versus Mind-in equations. The prin-

cipal causes of numerical errors in results obtained by the indentation

analogy areia. Simplifications in computing stresses and deformations
of soil close to the rim of the pressure cell.

b. The influence of lateral stresses in the s.oil are only

indirectly taken into consideration by the Poisson effect
of lateral streisses on axial strain.

"c. A major source of error occurs when translating soil-cell
differential deformations into stress or force by analogy
with a rigid disk at the soil surface. The indentations
later are determined by the Boussinesq equations, but
these equations are not valid in the interior of a soil
mass, where the Mindlin equations should be used. The
relations between stress and indentation of a rigid disk
Jn the interior of a soil mass have not yet been deter-
mined, but comparisons of Boussinesq and Mindlin equa-
tions to an interior point load by Gedde, (1966) are
shown in Figure 26 and give an indication of the magni-
tude of errors which may be caused by use of the
Boussinesq instead of the Mindlin equations. The diagrams
in Figure 26 apply only to points directly below a point
load. The error decreases with radial distance, and a
reversal must ultimately occur, so that an integration
of stresses on a horizontal plane will yield the total

force P.

d. Nonlinear stress-strain relations, hysteiesis, and resid-
ual stresses and strains may affect totim registrations
of a pressure cell. but the influence of these factors
are small for incremental registration ratios. The re-
marks about the Boussinesq versus Mindliýn equations apply
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not only to the indentation analogy but whenever the
Boussinesq equations for stresses and deformationz cawcse4
by forces on the soil surface are applied to forcen in
the interior of a soil mass.

71. Use of finite annular elements. The following comments apply

only to pressure cells in a free field, whereas cells at or in a rigid

boundary will be discussed later. It is assumed that a plane through

the midheight of the cell remains plane in both cell and soil during

and after a load change, and the normal stress on a series of annular

elements is altered until this requirement is fulfilled. Only normal
ztresses on the annuli are considered, and they are computed by means of

the Boussinesq equations. This leads to a series of simultaneous equa-

tions which can be solved by various methods, and the resulting loads of

the elements indicate the stress distribution on the cell and errors in

its registration. The solution of the simultaneous equations can be

facilitated by use of a computer, and is similar in principle to that

used in the finite element method of analysis. In the two examples dis-

cussed in the following paragraphs the pressure cells are assumed to be

inclusions with uniform, elastic properties, but the method cza be ex-

tended to a pressure cell with an inactive rim and an active diaphragm

or cell when the finite element method of analysis is used.

72. In an unpublished thesis, Carlson (1939) used the method of

finite annular elements for analysis of the response of a pressure cell.

Results of subsequent refinements of the original analysis are presented

in a paper by Carlson and Pirtz (1952), but this paper does not contain

all the details of the computations. However, the paper is extended to

cover the influence of extraneous soil deformations and temperature

changes. Carlson and Pirtz (1952) also suggest that lateral or radial

stresses in some cases also may have considerable influence on the cell

registration of axial stresses. The simultaneous equations are solved

by trial and error, similar to-the method used in the trial load anal-

ysis of arch dams. The results are in good agreement with both the

original analysis and later solutions by others using the same or more

systematic methods. Monfore (1950) has performed a detailed and very

efficient analysis of the influence of a pressure cell, considcrcd as a
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uniform inclusion, on tht pressures in the surrounding soil. The method

r i of annular rings was used, and the task was facilitated by preparing

tables of terms or ratios in the simultaneous equations which are in-

dependent of the properties of the materials, and solving the equations

by systematic divisions. Az easier solution could be obtained by use of

1 matrixes and electronic computers, but they were not available whtn the

1 paper was prepared. The influence of the diameter-thickness ratio of

the cell, and of the cell-soil modular ratios, M c/M , were determined

and are shown graphically. Extraneous deformations of the soil and

temperature changes in cell and soil were also considered. All the re-

sults are in general agreement with those yielded by previously mentioned

methods. Numerical results were obtained for a uniform inclusion with a

diameter of 2.5 inches and embedded in concrete. The value of Poisson's

ratio was assumed to be v = 0.2 for concrete, and minor variations are

not important since this ratio appears only in the term (1 - A) A

special ani lysis was made for a pressure cell with the dimensions of

/ the Carlson pressure cell, and the result of the analysis by Carlson

"was verified.

73. Influence of an inactive rim. Monfore (1950) noted tnat the

error in pressure cell registration would be reduced from 9.0 percent to

5.0 percent when only the stresses on the central part of the entire

cell are considered. This theoretical result was later verified by

Peattie and Sparrow (1954), who investigated the influence of an inac-

tive rim of cells in various types of soils. The experiments were made

with soil and cells in a solid-walled container. The soil was subjected

to surface loading, and corrections were made for the influence of side-

>1 wall friction. A special cell was built which makes it possible to

change the active area, Figure 27A. The authors suggest that the active

area of a pressure cell should be between 0.25 and O.h5 times the total

area of the cell. Peattie and Sparrow also suggest that the modular

ratio, M /Mt , should not be less thar, ten, in which case the simple

equation a:/a : Ca (B/D) may be used. The results of tests with cells

with an inactive rim and with a full active face are compared in Fig-

are 27[A. The maximum error in registrations of cells with a full active
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face was found to be 47 percent for cells in dense sand. The average

error in registrations of cells with an inactive rim was consistently

smaller than the error for cells with a full active face, irrespective

Stof the type of soil in which the cells were embedded. However, tests at

L (the Waterways experiment Station with cells in sand indicated that the

Sl registrations of cells with an inactive rim approach those of cells with

a full active face when the stress conditions in the surrounding soil

I approach these of failure; -ýee Part III of this report, Figures 95-97.
Experimental data shown in Figure 27B show that the stress ratio ac/a

is a linefr function of the thickness-diameter ratio, B/D.

Trapdoor analogies

74. The Terzaghi analysis. In the tiapdoor analogy the force

corresponding to a differential deformation of soil and pressure cell is

estimated by comparison with the forces on a yielding or advancing

trapdoor at the bottom of a soil-filled bin. Many papers on the trap-

dooý. problem have been published over the years; the analysis presented

Sn' *,--aghi (1936, 1943) is illustrated in Figure 20. Active or passive

a:.:.ing oncuirs in the soil over the trapdoor, but the arching does not

, affect the soil beyond a critical distance or cover zI , and the weight

1 ol soil above this depth merely increases the effective surface load,

Figure 20. Terzaghi has analyzed the forces acting on a long rectangu-F lar or strip-type trapdoor, to or below the critical depth zI , and

he simplified the problem by replacing some curved ana inclined failure

I surfaces with plane and vertical surfaces. This analysis yielded the

. 1 following equation for the force, a , acting on a yielding trapdoor

and corresponding to active soil pressure over the dooe

B li - (c/B)1 [ -K tan 0 (z/B)] + qe-K tan 0 (z/B)

""v K tan 0 1- e (71A)

where z is the depth of soil above the door and K is the coefficient

of earth pressure. The value of z used in this e-quation should not be [
greater than z. In sand or sandy soils3 it is generally adequate to

consider only the effect of the surface load, which yields
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4. -K tan 0 (z/B)
So = qe (72B)

The corresponding equation for an advancing door and passive earth pres-

sur!! is

,r i a = qe+K tan 0 (z/B) (710)

The equations furnish limiting values of a for a depth or cover z
I v
smaller than zI * The movements, 6 , of the door do not enter into

these equations, and it is tacitly assumed that the movements are large-I
enough to mobilize the peak soil strength. Terzaghi (1943) states that

smaller movements of the door produces smaller pressures on the door,

but a possible relation between 6 and o is not suggested. Terzaghiv

(1943) found that the critical depth, zI , is between 2D and 3D for a

yielding door and active earth pressure. Terzaghi states that the rela-

2 •tive merit of proposed trapdoor theories, including the theory presented

by him, is still unknown - in 1943.

75. Experiments by McNulty. Extensive and carefully executed

experiments with circular trapdoors were performed by McNulty (1965) at

the WES. In addition, reviews are presented of initial investigations

of the trapdoor problem by Terzaghi (1936-1943) and of recent publica-

tions on the more general problem of soil-structure interaction by

Spangler (1948). The McNulty experiments were made with two diameters

of the trapdoor, 3 and 6 in., placed at the bottom of a test bin with

a diameter of 46.75 in. Two types of medium grained sand were used,

placed at average unit weights of 100 and 106 pcf, corresponding to

relative densities of 72 and 76 percent, which were obtained by means of

a mechanical spreader and final, vibration. The depth of the sand varied

for individual tests but did not exceed twice the diameter of the trap-

door used in the test. Results of tests for various depths of sand in

the bin are shown in Figure 28A, where q is the surface pressure and

a is the unit pressure on the trap door. Diagrams for active andv

passive pressures are quite different but have a common tangent for zero

movement of the door. Data for very small movements of the door are
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i'
shown in enlarged scale in Figure 28B, which shows that nearly linear

relations e::ist to a movement of about 0.0002 times the diameter of the

trapdoor. As pointed out by McNulty, such a small movement may change

the pressure on the trapdoor by about 50 percent. Experiments with cir-

cular trapdoors form excellent models for the action of pressure cells

placed flush with the surface of a rigid boundary for the soil. However,

the reliability of trapdoor experiments as models for the action of pres-

sure cells in a free stress field is still open to question, because

lateral movements of soil near a trapdoor are hindered by friction be-

tween the soil and the rigid boundary. Notations used by Terzaghi,

McNulty, Mason, and other authors are quite different in some instances

which may cause misunderstandings. Therefore, the notation in figures

and equations by these authors have been changed when they are used or

quoted in this report.

76. In the theoretical evaluation of the test data, McNulty

considers first elastic conditions for the nearly linear part of the

load-deflection diagrams, Figure 28B. Here the Boussinesq equations

should epply, One form of these equitions is reported by Timoshenko-

Goodier (1951) and is shown in Equation 9 of this report, that is

i 1 -v 2

6 D (9 bis)6v v 4 D Ms

This equation may be used to estimate the slopes of the initial parts

of diagrams for both active and passive pressures or, conversely, to

compute the moduli of soil deformation when 6 and a are Known.

The ultimate values of o are in the plastic region and may be deter-v

mined by the Terzaghi Equations 71a, b, c when they are transformed from

a strip-type to a circular trapdoor. This transformation yields, con-

sidering only uniform surface loads,

:+-2K tan 0(H/R)G0 = e (72)

-Or



which agrees fairly wcll with test data for active pressures, excluding

small values of (H/R). For passive pressures McNulty adopts the rigid

body approach, in which a soil cylinder above the trapdoor is assumed to

be rigid and subjected only to sidewall friction on the cylindrical sur-

face, 2wRHt - q • K • tan 0 , which yields the equation

a = qE1 - 2K tan 0 (H/R)] (73)

this agrees fairly well with passive pressures for (H/R) greater than 2.

These equations apply to initial and ultimate values of ai and 6

M2Nulty suggests a semi-empiricaJ. method for determination of a cC'-v

responding to intermediate values of 6 or (6v/D) , using experi-

mentally determined diagrams for (6vav) in combination with a secant

analy3is. Approximate analytical solutions have been suggested by

Mason (1965), which are discussed in the following paragraphs. More

rigorous mathematical solutions have been developed by Askegaerd (1959)

and GraveseA (1959); see paragraphs 84 end 85.

77. Investigations by Mason and Associates. Trapdoor experiments

and the theory by Terzaghi (1936, 1943) constitute an excellent model

of the actions of a soil pressure cell placed flush with the surface of

a rigid boundary. A rigid boundary restricts lateral movements of the

soil, but the Tervaghl trapdoor theory does not consider the influence

of lateral soil stresses and strains. This applies also to the theory

nroposed by Mason and Associates (1965) of the United Research Services

for determination of the approximate axial stresses on a pressure cell

in a free stress field. The problem is illustrated in Figure 29, where

zI corresponds to-the critical depth of soil cover over a trapdoor.

Deformations and stresses of soil at distances greater than zI above

or below the cell are not affected by the presence of the cell. With a

uniform stress a in the free soil or a uniform load a at thes s

critical distances, the theory considers only the average stress

a= a + e within a soil cylinder above and below the cell, which may

be expressed by an equation similar to that for a trapdoor, Equation 72,

or
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+ 2K tan 0 (z/R)-z -- e (74}
Coc

At the critical distance, zI I the stress is a , but it is a ats C

the cell, which yields the following relation between z and (a C/a )

zR ln(75)I 2K tan

Integration of soil deformations from the critical distances to the cen-

terline of the cell yields the following equations for differential

settlements, .:orresponding to the indentation used in the simplified

theory; for passive pressure,

6 aI
e I I in
R-EM *2Ktan 0ka (76a)

and for active pressure,

B--M • 2Ktan 0 -- 1+ (76b)
S a

The integrations also yield the following relations between the stress

4 ̂  (y In ) n tliot LOdn ' . inEi r re-ti-c. (M /M ) for naassive rnressuie1C' -s-' "c

M 1 (-) n (,c_- + (• 2K tan

M B.\/ac\ (77e.)
MC (BUj a) 2K tan0

and for active pressures
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-- \sl(77b)lc + 2K tan 0

Similar equations were also derived for nonlinear stress-strain relations

represented by the equation

__-. .,213l

(. ) or a M c3/2 (78)

in some cases the nonlinear stress-strain relationship yields better

agreement between theory and experimental data.

78. In initial experiments by United Research Services small test

bodies were placed in much larger triaxial test specimens. The results

of trese tests plus theoretical considerations yield the general diagrams

SboT, in Figure 30A. Active stresses decrease and passive stresses in-

crease with increasing depth below the free soil surface until a criti-

cal depth is reached, whereupon the stresses remain constant with addi-

tional increases in depth. In Figure 30A the full drawn diagrams

represent originial theLoretical relations and the dashed diagrams

,xperime0tal data. The experiments indicated a more gradual transition

to constant valuez o" (c /as) . Additional experimental data indicated

that tne critical depths and the uiti~mt: valueu uf tlic stireos ratio,

(Oc/a ) also increaLse with increasing deformation ratios (6 /R) ,

Figure 30B. More uetailed comparisons of the theory with the experi-
mental trapdoor experiments by McNulty (1965) are shown in Figures 31

and 32. In general, good agreement exists for small deformation ratios

(6e//') and in some cases also for larger deformations in combination

with the larger depth of cover. Figure 32A shows that apparent agree-

ment. to a large extent deepends on the soil parameters inserted in the

theoretical equtiuons. it may be noluva Lhat the theory by Mason and

Associates also can yieJ.d diagrams of the same form as those shown in
Figure 28. A later r,'port by United Research Services, p~repared by
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Walter-Kriebel-Kaplan (1971) but not Mason, describes the design and

evalu,A.tion of the URS free field stress gauge, shown in Figure 11 of

this report. A similar pressure cell was developed and used by

Askegaard (1963), Figure 35b. The 1971 URS report presents the follow-

ing simplification of Equation 77a

0 - - (79)
o a M
e s F c

which may be used for small differential deformations, 6 = 6 - 6
but it yields diagrams of greater curvature and departure from linear
relations than Equation 77a. The simplified Equation 79 indicates that

the error or overstress is a function of the square root of (B/R) ,

whereas the original simplfied theory shows that (oe I ) is a linear

function of (B/R) , and this result was also found in many experiments

by Pcattie and V- parrow (1954) with both sands a-d clays, Figure 27b.

Furthermorc, a rigorous mathematical analysis of the stresses at and in

a rigid ellipsoidal inclusion in an elastic matrix yields a nearly linear

relation between stresses in the matrix and in the inclusion, Fig-

ure 35c, Askegaard (1963). The 1971 URS report presents results of tests

with the Mason-URS stress gage in reconstituted and consolidated clays,

and the agreement between the test results and the theory is gener-

ally satisfactory. However, the test iata and Equations 77-79 do not

agree well with published experiments by Peattie and Sparrow (1954),

WES (this report), and others, especially when considering that the

experiments were performed with stress gages having a much greater

thickness-diameter ratio than the Mason-URS gage. The 1971 UES report

will not be reviewed in greater detail, because it was published after

the official cutoff date for publications to be considered in this

report, and because of the above mentioned areas of disagreement, which

will require considerable clarification of the test data to permit a

reliable comparison. However, the URS-Mason theory is an improvement

of several other proposed and approximate solutions of the problem. It

should be noted that the registration ratio, ac/as , is not determined

ill



by indentations and the Boussinesq equations but by progressive solution

of the equations by Mason and associates, summarized in this section.

Special problems at rigid boundaries

79. Objectives and definitions. The action of pressure cells

built into a rigid wall or slab has been analyzed by several investiga-

tors, using the indentation analogy, the trapdoor analogy, finite annu-

lar elements, or more rigorous mathematical methods. The principal

papers or methods are summarized in the following paragraphs. Compari-

sons are in some cases facilitated by expressing the Boussineeq inden-

tation equation for a flat and rigid punch

I2
6 e =e D M (9 bis)

s

in terms of the total differential load on the cell

P = D26
e 4 e

which yields

P 1-V2

6 e = D (80a)

and inversely

6 DM
Pe = e s (80b)

1 - V

where 6 is uniform for the entire area of a rigid punch. These equa-
e

tions apply to the free surface of a semi-infinite elastic body. Correc-

tion factors must be added when the equations are used for the indenta-

tion of an elastic boundary within a compressible matrix.

80. Swedish pressure cell. Kallstenius and Bergau (1956) report

on the development of a soil pressure cell for use in rigid walls, Fig-

ure 33. The face of the cell is fully active and rather heavy s-i that
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it will not be damaged by coarse backfill. The interior of the cell is

filled with oil, and its pressure is measured by an outside manometer,

which is a part of a closed hydraulic system. The amount of oil in the

system, and the influence of temperature changes, is reduced by annular

plate inserts. The faces of the cell move in proportion to the pressure

changes and the flow of oil to the manometer. The measured pressures

and deflections were compared to those corresponding to the Boussir.esq

indentation equations (7 and 80), which indicated that it was necessary

to use a correction factor of 1.7 or a soil modulus of 1.7 times M ,

and even then some underregistration was encountered. Deviations were

attributed to the influence of several factors, primarily the boundary

conditions and the small size of the test bin. It should be noted that

calibration factor for soil will not be the same as for water or air,

since the latter may enter the peripheral slots in the cell.

81. Spherical surface cavity. Wal~n (1942) has developed theoret-

ical expressions for stresses in a compressible elastic material which

is forced ir.to a spherical surface depression or cavity in a more rigid

material. The original paper by Wal6n was not available to the writer,
anO 'he following comments are based on quotations and references in

other papers. According to Askegaard (1959), Wal4n found that the pres-

sure on the walls of a shallow spherical surface cavity are those shown

in Figure 34a, or

T2 MP -D-o - 6 D (81)
e 4 s M V ;2 "v

Kallstenius and Bergau (].956) state that Wal6n also found t.at contact

between the bottom of the cavity and the compressible elastic material

is discontinued when

1 1-v 2

> oD v (82)6m 2s M s

Cessation of contact at the bottom does not necessarily indicate that
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P in Equation 81 is zero. In these equations 6' is the maximum depthe m
of the cavity. The equations could also be rewritten in terms of the

average depth for comparison with the Boussinesq indentation equation,

but it is also stated by Askegaard (1959), that the Boussinesq equations

are not valid at a rigid boundary.

82. Hole in rigid wall. Gravesen (1959-B) has developed equa-

tions for stresses and deformations in an elastic material bounded by a

rigid wall with a circular hole. Actually, the problem was converted

into the inverse problem of stresses and deformations in the elastic

material loaded in succession with a single force, a circular line load,

and finally a uniform load on a circular area with a diameter equal to

that of the hole. With a smooth rigid wall or an interface which does

not exert any restrictions on lateral movements, Gravesen found that

the maximum deflection of the elastic material into the hole, Fig-

ure 34b, may be expressed by

= -A- 2(1 - -v) (83)
m 4N

s

On the other hand, when the rigid wall is rough, and lateral movement of

the elastic material is completely restricted, the maximum deformation

in the center of the hole is reduced to

s (( + v)(3 - 4v)6m •M 2(1 - v) k(o-4

The difference between deflections for the two conditions depends on the

Poisson ratio. The difference attains a maximum of 25 percent for

v = 0 and it decreases with increasing values of v to zero for

v = 0.5 • It is emphasized that these deformations apply to an elastic

material, and it is tacitly assumed that a and D are smaller than5

those which would cause plastic deformations. The above mentioned data

were later used in determination of the forces on a piston in the hole

or on a pressure cell with a fully active face plate.
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83. Hole with piston in rigid wall. When a hole in a rigid wall

is provided with a piston and a spring, as shown in Figure 34c, the con-

ditions correspond to those of a pressure cell with a fully active face

plate. A theoretical solution of this problem has been developed by

Gravesen (1959), who uses his theory concerning a hole in a rigid wall,

discussed in the foregoing paragraph, in combirnation with loads,

ctresses, and deflections of annular segments. The results are pre-

sented in the form of tables and a few closed equations. Askegaard

(1959, 1961) discusses applications of these theories and verified thea

experimentally, using an artifical material, "araldite," which obeys

Hooke's law even at relatively large strains. As the piston is pushed

ir.to the hole, the area of contact between th. piston and the outside

elastic muterial decreases, 3ni the relation between k.he total pressure

on the piston, Pe , and the deflection, 6 , is curved and not lineare e
as in cases represented by the Doussinesq and Waldn indentation equa-

tic.,ns. iow aver, tbe decrease of the area of contact is nearly negligible

and The relation between P and 6 is practically linear for verye e
small deformations such as those occurring in a pressure cell. For such

small deformation6 P may be determined approximately by, quotinge

Askegaard (1959), and assuming that there is no friction between the

ccmpressible material and the rigid wall,

DM
re e v2 - v(o

or with

P = D 2e e T

6 =oD wI1 -v
e e M-- I 3.05S

According to Eqwtions 6 and 10, the corresponding values N and Ks S

are
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N eD e Ms
6 3.05 2 (87)

e 1-v

and

N s4 1
K = 3. 0 5 (88)

s M sI 2s l-v

That is, the values of P , N , Ks , and the cell error or under-e s s

registration are 3.05 times as large as thostý obtained by the simplified

theory for a cell in a free field. The theory and numerical values of

the coefficients were verified in small-scale tests on elastic materials

by Askegaard. The calibration factors for changes in air and water pres-

sures may or may not be the same as those for changes in soil pressures,

depending on the design of the pressure cell.

84. hole with diaphragm in rigid wail. Askegaard (1961) has aiso

investigated stresses and deformations at a hole covered by a fixed but

flexible diaphragm, Figure 34d. The problem is solved by means of

finite annular elements and the requirmentr that the deflections of the

diaphragm should be equal to the deformations of the soil for the same

annular loading conditions. The approximate solution of the problem

may be expressed by the following equation, for the average increraental

force is Askegaard (1961), page 12,

DM
P = 6 0.43 (89a)e m 2

where 6 is the maximum deflection in the center of the diaphragm.m

Substituting 6 with the ave.age deflection, 6 , yields the equationm a

DM
P C 6 s 1.12 (89b)

which is about one-third of the force on i pi'.ton, Figure 34c.
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!Equation 89 yields values of P which are slightly larger than tnosee
obtained by the Boussinesq equations for a pressure cell in a free field

and a fully active face plate. The arrangement in Figure 34d may serve

as a pressure cell at a rigid boundary when the cavity below the dia-

phragm is filled with a liquid which acts on an smaller measuring dia-

phragm in the bottom of the cavity.

85. A pressure cell in a free field with an inactive rim and

exposed diaphragms presents a problem similar to that for a hole with

a flexible diaphragm, but the stress increase caused by the inclusion

effect of the entire cell must a-lso be considered. Tory and Sparrow

(1967) have solved these problems, using the methods by Askegaard and

matrix inversion. It was found that the cell error can be expregsed as

a function of the

M d 3

Flexibility Ratio = s (90)E - D3 (0
C

where E is Youngs modulus for the cell materi.al, d is the diameter

of the diaphragm, D diameter of the cell, and the other parameters

are defined in Figure 37. Simplified final equations similar to Equa-

for computer solution. .L diagrammatic solution for a specific case is

shown in Figure 37; it is seen that the cell error decreases with the

overall thickness-diameter ratio of the cell and with increasing flexi-

bility ratio. It is assumed that Poisson's ratio ii, 0.5 for the soil

and 0.33 for the cell material. Several minor assumptions ard simpli-

fications have been made in obtaining these solutions, the results in

Figure 3hb are only approximately correct.

;] llpsoidul inclusion

in a free stress field

86. Initial investigations. The U'heories discussed in tlie fore-

going paragraphs deal primarily with stresses and deformations normal to

the face of a pressure cell; the effect of lateral forces and the

Poisson ratio is only partially considered. A rigorous solution with
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full consideration of all stresses and strains is very difficult to

obtain by conventional mathematical methods. However, Eshelby (1957)

found that simplifying conditions exist for an axisymmetrical ellipsoidal

inclusion in a uniform matrix, and that the strains in such a body are

uniform and can be expressed by elliptical integrals. On basis of the

Eshelby equations, Askegaard (1963) obtained equations for stresses in a

rigid elliptical inclusion and also for the pressure in a liquid-filled

ellipsoidal cavity, as summarized in the following paragraphs and fig-

ures. In general, it is assumed that the inclusion is infinitely rigid,

and that the materials in the surrounding matrix, or soil, are isotropic

and fully elastic. It is also assumed that both normal and tangential

forces can be transferred between the inclusion and the matrix without

slippage. Stresses in the matrix are designated by a , y , zs

and those in the inclusion by a , o , oG , whereas stresseLxc yc z

caused by a uniaxial stress change will be indicated by the superscript

"A" and those caused by a triaxial or hydrostatic stress change are

designated by the superscript "T."

87. Rigid ellipsoidal inclusion. The solutions obtained by

Askegaard (1963) for stresses in a rigid ellipsoidal inclusion are pre-

sented in the form of short equations in tensor notation and also as

much longer series of equations in conventional mathematical notation.

A graphical summary of the results are shown in Figure 35 which are

supplemented by tables in the text. The stresres caused by a uniaxial

zt-rczs 1"-ng t+h-e- tr!-v re o In '3~r_- 35 h t.hp nf.rp-F%

ratio ( -/az ) is plotted as a function of the Poisson ratio, v

In contrast to data obtained by the simplified theory, the influence of

v is small but not negligible; it is a maximum for medium valuen of the

ratio and attain minima for v - 0 and v = 0.5 •

88. The stresses caused by a triaxial or hydrostatic stress change

in relation to those caused by a uniaxial stress change are shown in

Figuire 35b as a function of the Poisson ratio, v , and the thickness-
T A

diameter ratio, h/D . The ratio (0 Ia ) also indicates the in-ze zc
fluence of lateral stresses. Figure 35b shows that axial stresses in

the inclusion. may be increased by an increase of the lateral stresses in
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matrix when the thickness-diameter ratio of the inclusion is small, but

such an increase in axial stresses in the inclusion may change to a de-

crease for larger values of h/D combined with large values of v .

Therefore, generalization of the results of a numerical analysis of a

specific problem, or given values of h/D and v may be misleading,

as will be shown in later paragraphs.

89. The simplified analysis of soil-cell interaction, Equations 19

and 20, as well as initial experiments by Peatie and Sparrow (1954),

Figure 27h, show that errors in pressure cell indications are nearly

linearly proportional to the height-diameter ratio of the cell, h/D

These relations can also be deduced from the figures and tables in the

paper by Askegaard (1963), which are shown in Figure 35c for minimum,

medium, and maximum values of v . This figure verifies the results of

the simplified analysis and of experiments by Peattie and Sparrow, but

it disagrees with theoretical data by Mason and Associates, Equation 79,

-which indicate that the error in cell regiztrationo Ic proportiona"l to

the square root of h/D

90. iguid-filled ellipsoidal cavity. Askegaard (1963) also in-

vestigated the changes of pressures in a liquid filling an ellipsoidal.

cavity in a uniform elastic matrix. Both uniaxial and triaxial stress

changes in the matrix are considered. The pressure in the liquid, p

was found to be a function of the stress change in the matrix, the rela-

tive compressibilities of matrix and liquid, the height-diameter ratio

of the cavity, and the Poisson ratio for the matrix. The pressure in

the liquid approaches the axial stress change in the matrix with de-

creasing height-diameter ratio of the cavity. Some of the principal

relations are summarized in Figure 36, which also shows that the pres-

sures in the liquid are much less sensitive to chanees ia lateral

stresses in the matrix than are the stresses in a rigid inclusion, Fig-

ure 35b. This insensitivity to changes in lateral stresses would be of

great advantage in stress measurements, but it is difficult to produce

suitable cavities in undisturbed s61l. However, several types of cells

for measuring soil stresses are based on measuring pressure changes in

a liquid filling a very shall.ow cavity in the cell.
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91. Experimental data. Stress relations discussed in the fore-

going paragraphs &.d shown in Figures 35 and 36, represent theoretical

data. Askegaard attemptAd to obtain verification of the theories by

small-scale laboratory experiments. He used a 20- by 20- by 20-cm cube

of an elastic plastic, araldite, as the matrix and the type of pressure

cell outlined in Figure 35b for the stress measurements. The results

verified the general form and trend of che theoretical relati.ons, but

there were minor numerical differences in individual tests. These devia-

tions are probably caused by representing a semi-infinite matrix by a

small cube, and by using a thin cylindrical disk instead of an ellipsoi-

dal inclusion. It should be noted that the theories by Askegaard are

based on free field stress conditions.

Finite element method of analysis

92. Introductory comments on method. Investigations of soil-cell

interaction discussed in the foregoing paragraphs were in some cases
based on extensive •Iipiificptluzi of thc pr-obulm, and in other cases

solutions were obtained by use of annular elements. The latter are in

fact a type of finite element analysis, but solution of corresponding

simultaneous equations were obtained by progressive approximations or

iteration but without modern electronic computers. The finite element

method combined with a computer provides a very versatile tool for in-

vestigating soil-cell interaction for most shapes and properties of the

pressure cell or inclusion, stress conditions and soil properties, and

it can be applied for both linear and nonlinear stress-strain conditions

and also to pressure cells with an inactive rim. However, in most cases

the method yields only a numerical solution for specific values of the

independent variables and not a general solution of the problem. Intro-

duction of the finite method of analysis by Bates (1969) is most com-

mendable, although initial investigations yielded the expected result

that changes in radial stresses also caused material changes in axial

stresses and in stress indications by the pressure cell. This result

agrees with the findiamgs by Askegaard (1959), since a height-diameter

ratio of 1/6 and a Poisson ratio v = 0.3 , used by Bates, indicates

an increase of axial stresses for an increase of radial stresses,
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Figure 35b. However, this figure also shows that an increase in radial

stresses may cause a decrease of axial stresses when the height-diameter

ratio, h/D , and the Poisson ratio, v , are large. Bates found that

the influence of tbe radial stresses on the axial stresses could be de-

creased materially Dy tapering the outer rim of the cell, or giving it

a lenticular form. The re_ it is shown in Figure 12 and is called the

SMRL pressure cell since it was designed in the Spokane Mining Research

Laboratory (SMRL). It was also found that the sensitivity to radial

stresses in one direction can be decreased by arranging the strain gages

of the diaphragm linearly in a perpendicular direction. So far, the

SMRL pressure cells have been built with two maximum capacities, 1000 psi

for use in tunnels and 100 psi for shallow soil applications. In the

following review it is assumed that the cells are used under free field

stress cýondition.

93. Analysis of the SMRL soil pressure cell. The principles of

the finite element method of analysis are assumed to be known and are

not described in the paper by Bates or in this report. The initial and

principal analysis by Bates utilizes a conventional triangular grid,

figure 38a. It appears, but not statd directly, that the analysis is

two-dimensional in character and aj.lies to a section through the center

of the cell. A limited analysis was also made with an axisymmetrical,

quadrilateral grid, Figure 38a, but computer programs for such elements

were not fully developed at that time. The data obtained by the conven-

tional analysis were used to construct equal stress contours as shown

in Figures 39 and h0 for axial and radial stress changes in the matrix.

The stresses acting on the surface of the diaphragm can be determined

from these contours. The ratio between the average stress on the sur-

face of the diaphragm, c , and the fLeld stress, o , represents theC s

overstress or inclusion effect, and it is shown in Figure hl as a func-

tion of the modulus of the matrix. For this cell and the moduli assumed

for soil and steel, the inclusion effect is 9.5 percent for axial loads,

and it increases to 54 percent for radial loads. These results indicate

that the overregistration of a soil stress cell depends not only on the

dimension of the cell and on the deformations of soil and cell but also
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on the ratio of axial to radial stress changes in the soil or matrix. It

would be desirable to find a shape of the cell which would yield the same

registration ratio or have the same calibration factor for horizontal

and vertical positions for the cell.

94. Calibration and correction factors. The SMRL cells were

calibrated for uniform axial loads in equipment similar to that used by

the WES. Figure 5. The results of such a calibration must be modified

by a correctiox' factor which is a function of the various Jndependent

variables including the ratio of axial to lateral stresses. The cells

were also tested in a relatively small test bin with sand. The bin had

a rectangular cross section, 20 by 22 in., and was 30 in. high. Inge-

nious auxiliary equipment and procediLres were developed for taking the

influence of the sidewall friction into consideration, and the results

obtained agree fairly well with the theory. Finally, Bates developed

a diagram for the correction factor to be applied to the experimental

calibration factor, Figure 42. This diagram applies only to the cali-

brated cell, to a soil with a Poisson ratio of 0.3, and to free field

placement of the cell. The correction factor is presented as a function

of the ratio of measured lateral and normal stresses on the cell, 4hich

represents a combination of several variables, and its reliability may

possibly be subject to some limitations.

95. Advantages and limitations of a finite element analysis. One

of the principal advantages of the finite element method of analysis is

that It vpnerally e , e anhl 1 %nnljr amI-rn-anfiillv whohr, tm-h-, mvit'mr,÷ 1 y airiA41-

able methods of analysis are too simplified to yield a sufficiently ac-

curate, closed. mathematical expression for the reliability or error in

measurement of soil stresses. The finite element method can be used

irrespective of rtress conditions and stress history, for most designs

of a cell or inclusion, for most properties of cell and soil, and for

either no slippage or no friction or adhesion between cell and soil. It

can be used to estimate the soil-cell interaction for a pressure cell

with an inactive rim and an exposed measuring diaphragm, a problem which

is very difficult to solve by means of other currently available methodu.

The principal limitation of the finite element method is that it yields
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only a numerical solution fo- a specific set of values of the independent

variables. Generalizations cannot safely be made from a single solution

unless the influence of changes of the other variables is considered.

The basic equations for deformations of individuel elements are generally

developed on the assumption that the materials are elastic and/or plas-

tic; both linear and nonlinear stress-strain curves can be considered,

but satisfactory methods for treating stress-straln diagrams which ex-

hibit a peak strength followed by a decrease in strength under continu-

ing deformation have not yet been developed. Furthermore, some soils

are expansive, such as dense sands and strongly overconsolidated clays,

and undergo a volume decrease by an increase in stress, which may yield

an apparent value of the Poisson ratio greater than 0.5. Other soils,

underconsolidated or only slightly overconsolidated may be subject to a

volume decrease by ani increase in pure shear stresses. These special

manifestations of some soils require a revision of the constituent equa-

tions for their behavior when subjected to stress changes, and this ap-

plies not only to the finite element methods but to all other methods

for analyzing stresses and strains in soils.
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PART III: TRIAXIAL TESTS WITH SOIL PRESSURE
CELLS AT WES IN 1954-55

Background Data

Purposes of the WES tests

96. Initial tests with the WES soil pressure cells, described in

the report of 1944, were performed with the pressure cells buried in sand

in a fairly rigid and shallow container. The sand wr.s subjected to

known axial surface pressures, but the lateral or confining pressures

could not be var.ed independently of the axial pressure and could not

be determined accurately. Furthermore, sidewall friction caused the

axial pressure in the sand to decrease with increasing depth. It was

desired to perform tests on pressure cells in a triaxial device in which

axial and lateral stresses could be varied independently of each other
and where sidewall friction is eliminated., However, it was also known
that the stress distribution in a triaxial test specimen might be nonuni-

form because of the influence of rough and rigid end plates. Therefore,

the principal objectives of the triaxial tests with soil pressure cells

were:ld

a. To deterdine experimentally the existence and magnitude
of nonuniformities of stress distribution within a large
triaxial test specimen having the commonly used height-
diameter ratio of 2:1.

b. To verify or correct the standard caiibra+ion of ta ......

sure cells and investigate the influence of lateral soil
stresses or the orientation of a pressure cell with
respect to the principal soil stresses.

A brief description of the equipmesit used in the above mentioned tests

and a summary of the principal results obtained are presented in this

report.

Early triaxial calibration tests

97. Plantema (1953) developed a short triaxial apparatus for

calibration of large soil pressure cells, Figure 43. The pressure cell

is placed in the center of the triaxial test specimen of sand, which has

a diameter of 95 cm and a height of 62 cm, whereas the pressure cell had
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a diameter of 25 cm. Both the top and bottom end plates in the triaxial I
apparatus are provided with rubber-water cushions, which contribute to a

more uniform distribution of the axial load. However, the restraining

steel rims will. cause some stress concentration along the cylindrical

edge of the test specimen, and the influence of this stress concentration

may extend to the midheight plane because of the small height-diameter

ratio, but data on the actual stress distribution in the short test

specimen are not available. The pressure cells were also designed by

Plantema (1953) and had a face of a flexible membrane, fastened to a

narrov rim and underlain by a thin layer of oil; the pressure in the oil

was measured by means of a secondary diaphragm in the cell body. This

cell should be satisfactory in fairly fine-grained soils and uniform

stress conditions but it is probably also very sensitive to stress con-

centrations in gravelly and stony soils. The pressure cells were

oriented to measure axial stresses, and it was found that the registra-

tion ratio increased with increasing ratios of radial to axial stress

changes in the sand, which agrees in principle with the theoretical in-

vestigations by Askegaard (1963), Bates (1969).

Memoranda on the WES triaxial test-:

98. The WES triaxial tests on WES pressure cells were performed

with a vacuum type triaxial apparatus and a test specimen with the com-

monly used lengtn-diamet.er ratio of 2.0. A brief description of this

apparatus and the revw test •vta obtained are Dr1 ented in memoranda for

the WES Stress Distribution Conferences of 1954 and 1955. Condensed

descriptions of the equipment and sumnaries of the results obtained in

the 195h tests are given in the papers by Ahlvin (1956) and by Shockley

and Ahlvin (1960). For convenience, a brief description of the equip-

ment and testing procedures is also given in this report which contains

a discussion of the test data cbtained in both 195h and 1955. As an

introduction to tnis discussion, theoretical solution for the stress

distribution in short and long cylinders with restrained ends and sub-
jected to both uniaxial ard triaxial stress changes is presented in the

following two paragraphs.

139



Theoretical Stress Distribution in Cylinders with Restrained Ends

Urniaxial compres-

sion of short cylinders

99. Until about 50 years ago, compression tests on metals, wood,

rock, and concrete were usually performed on cubes and cylinders with a

length-diameter ratio of about 1.0, and it was realized that the

restraint caused by applying the compressive axial force through rough

end plates created nonuniform stress conditions in the test specimens.

Filon (1902) developed very completed solutions for the stress condi-

tions in a test specimen with the length-diameter ratio of w/3 = 1.05

and subjected to aniaxial compression, qa . He used rigorous mathemat-

ical methods for elastic materials and assumed that the end restraint is

produced by fictitious narrow bands or radial surface forces at the ends,

which were determined by the condition that the radial displacement at

the circumferential surface should be zero at the ends. The results

obtained for vertical or axial stresses, a , on the end and midheightz

planes are shown in Figure 44. The axial stress at the center of the

ends is only 0.68 x qa and it increases to 1.68 x qa at the cylindrical

surface. The opposite variation occurs at the midheight plane where the

vertical stress at the center is 1.13q% and the stress at the surface is

0. 8 9qa. Similar results for the axial stress were obtained by Pickett

(19).). usn the Foie O.,._.0--1 _..2 and _ by D'AppO--nI& - d -~ tr. -m3a-

means of the lattice analogy method. Pickett and D'Appolonia and Newmark

assume a length-diameter ratio of 1.0 and that there is no displacement

of any point on the end surfaces. These three investigations yielded

good agreement on axial stresses but there are significant differences

in the values obtained for radial, tangential, and shear stresses.

Triaxial compres-

sion of long cylinders

100. Triaxial tests on soils are commonly performed on a cylin-

drical test specimen with a length-diameter ratio of 2.0 and subjected

to varying axial and radial loads. It was contemplated to use a similar

test specimen and loading conditions in the tests with WES pressure
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cells. Balla (1961) succeeded in determining the stresses and strains

in such a cylinder, using the theory of elasticity and a stress func-

tion. ie assumes that the soil is elastic, that radial shear stresses

vary linearly with the distance from the center, that the ends of the

cylinder remain plane, and are acted upon by radial forces corresponding

to the friction. In the numerical examples and tables it is further

assumed that the friction is large enough to prevent any radial displace-

ment and that the Poisson ratio is equal to 1/3. The results obtained

for two special loading conditions are shown in Figure 45. At the ends

the vertical stresses for uniaxial compression are smallest in the cen-

ter and the stress distribution resembles that obtained by Filon for a

short cylinder. At midheight the vertical stresses are also largest in

the center, but the numerical values of z/qa at the center of mid-

height are much smaller than for a short cylinder. These stress varia-

tions are reversed for uniform triaxial loading or qr = qa " At the

ends the stresses attain a maximum at the center but reach a minimum

there at midheight. Stress variations at the distance of 0.4 u from

midheight are also shown and are nearly equal to those at midheight;

this is of interest since the pressure cells in the 1955 tests were

placed at a distance of 9 in. or 0.26 H above and below the midheight

plane and 9 in. offset from the centerline of the tests specimen, Fig-

ure 51 (page 153). The theory of elasticity indicates that there should

not be any radial displacements for the load ratio

X = -V for v- (91)
o a i- v 2 3z z

These stress variations with a change in load ratios must be borne in

mind when interpreting pressure cell indications for various r&tios of

the radirl to axial unit loads. A solution for elastic conditions but

without special assumptions for the shear stresses has recently been

obtained by Brady (19'71). The difference between the sulutions by Balla

and Brady occurs primarily at the end surfaces, and there is but little

difference between the two solutions near midheight of the test specimen.
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A solution for materials with nonlinear stress-strain relations has been

proposed by Girijavallabhan and Mehta (1969). Discussions ins this

report are based on the analysis by Balla (1961).

Testing Equipment and Procedures

General requirements

101. It was desired to test groups of 6-in. WES soil pressure

cells and in separate tests individual '2-in. cells consisting of a
6 -:n cell plus a 3-in. wide inactive rim. It vs estimated that a test

specimen about 3 ft in diameter and 6 ft long would be needed. A pres-

sure vessel large enough to accommodate such a test specimen was not

available, and the tests were performed in the open using vacuum in the

test specimen to produce the radial or confining stresses, although the

limitations of this method were realized. Tests were to be performed

with both 50- and 100-psi WES pressure cells.

The WES large triaxial device

102. The device is shown in the photograph, Figure 46, and a

schematic form of the testing arrangement is presented in Figure 47.

The test specimen has a height of 70 in. and a diameter of 35.68 in.

corresponding to a cross-sectional area of 1000 sq in. The specimen is

confined by vulcanized rubber membrane and two rigid end plates. The

upper plate is a hollow disk of internally braced welded steel plates.

The lower plate consists of porous concrete within a shallow steel con-

tainer with an outlet for cables to the pressure cells and a pipe to

the vacuum pump. It rests on a reinforced concrete base plate. Axial

loads are applipd by a hydraulic Jack through a load cell to a reaction

truss, which had been used for other loading tests. Supports are

provided for dials measuring axial and radial deformations, and strain

meters were placed in some test specimens. The vacuum is produced by a

hand operated pump and is measured at both top and bottom of the test

specimen.

Zoil used in tests

103. All tests were performed with a processed and air dry mortar
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From Ahivin (1956)

Figure 46. WiS Larwge Triaxial Compressien Devi~ce - Vacuum, 'k~rp
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sand, used in other tests at the WES. The grain-size distribution curve

for this rather fine-grained and uniform sand is shown in Figure 48.

Initial tests were made with sand in both loose and dense consistencies,

but most tests in 1955 were performed with a medium dense sand, with

initial unit weights of 108 to 109 pcf corresponding to a relative den-

sity of 80 to 85 percent. The modulus of deformation varies with the

confining pressure or vacuum and with the load:.ng conditions. The rela-

tions for uniaxial compression or constant vacuum in cach individual

test are shown in Figure 49. The maximum vacuum applied was usually

27 in. of mercury or 13.26 psi. There is a conspicuous increase in the

values of the moduli between the first and second cycles of loading and

only a minor increase witt additional cycles. Corresponding moduli for

increasing stres,;es but constant stress ra~io, 1/a3 , are shown in

Figure 50. The dashed lines represent observed or apparent moduli which

apply only to stress conditions with the same stress ratio as that for

which the modulus was determined. To obLala the actual moduli of defor-

mnation, corrections must be made for the influence of the Poisson effect,

as shown in Figure 50 for a Poisson ratio v = 1/3 . The moduli shown

in Figures 49 and 50 are average moduli for the first part of each load-

ing cycle. The moduli decrease with increasing load for uniaxial coli-

pression and high values of a1/0e and change gradually to the opposite

trend for uniform triaxial compression, a, = ae . The peak axial

stress was determined for several large± test specimens and loading

procedures, which yielded an average angle of interna' friction of the

mor-car sand of 0 = 39.5 deg. Standard laboratory test on test

specimens with a diameter of 2.8 in. yielded approximately

0 = 38.'/ deg.
Preparation of test specimen

104. A steel forming jacket (,f thxee bolted segments supports the

rubber membrane during preparation of the test specimen. The sand was

poured in and compacted in batches of 200 to 400 lb, corresponding to

lifts of 2-1/2 in. to 5 in., or relative densities of 80 to 85 percent.

Compactive efforts were increased as the height of the specimen in-

creased in order to obtain the same densities in the lower and upper

lb,'(
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parts of the test specimen. Special templets were used to hold the pres-

sure cells in the desired position until sand had been carefully hand-

tamped around them. The height of the specimen was determined after

placement of the top plate. The registration of the pressure cells were

determined before and after their placement in the test specimen. A

vacuum was applied after placement of the top plate and before removal

of the forming jacket. Changes in height of the test specimen and in

the registration of the cells during these operations were observed.

Large changes in initial deformations and pressures usually correspond

to large differences between the first and second cycles of loading and

may indicate not only changes in the modulus but also unsatisfactory

placement of the pressure cell and doubtful reliability of the cell indi-

cations, at least for the first two or three cycles of loading. The

sand used in preparation of a test specimen was weighed and the corres-

ponding average initial density of the specimen determined. Densities

after completiv uf a teat were determined by sampling and weighing at

various levels during dismantling of the test specimen. Different test-

ing procedures were used in the various test series and are described in

paragraphs dealing with the particular test series.

Stress Distribution Tests of 1954

General f eature s

105. Dual objectives. The objectives of the 1954 test series

were two-fold, i.e. (a) to determine the stress distribution in a re-

strained cylinder with axial loading, and (b) to investigate the over-

or underreglstration of the pressure cells. The two objectives are in-

terdependent, and a solution cannot be obtained without iecourse to

assumptions or simplified thcoretical relationships. The principal

objective of the 1954 test series may be said to be determination of

the stress distribution by temporary neglection of the over- or under-

registration of the cells. The tests also yielded some information on

the action of pressure cells, but this probz.c was investigated in

greater detail in the l195 test series. The tests were performed with
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WES pressure cells of 50 and 100 psi rated capacities. The correspond-

ing average moduli of deformation of the cells are shown in Figure 6,

and the modulus of the 50 psi cells is slightly belcw and that of the

100 psi cells slightly above the modulus of the sand in the triangular

test specimen. Therefore, the test yields only two points of the un-

known curve representing the relation between compressibilities and

registration ratios.

106. Placement of the cells. All cells in the 1954 test series

were arranged in horizontal positions for measurement of axial. stresses

in the triaxial test specimen. The cells were placed at midheight and

base of the test specimen as shown in Figure 51a. The cells at the base

were set directly on top of the base plate, and the cells at midheight

were inserted in a shallow hole carefully excavated in a test specimen.

The space around the cells was carefully backfilled with sand and hand-

compacted in an attempt to obtain uniform density. A slight seating

pressiure w# s applied in some of the early tests and a temporarily ! n-

creased all-round pressure or vacuum in all later tests. Such a seating

pressure increases the uniformity and reliability of cell indications,

especially in the first loading cycle.

107. Testing procedures. All tests of the 1954 test series were

performed with a constant vacuum and corresponding confining pressure of

13.26 psi. The axial or applied loads were increased or decreased in

increments of 5 psi, and five or six complete loading cycles were used

in most tests. Both celi inaications, axiaJ. and leterai deforma~ions,

were observed for each load increase or decrease. The initial determi-

nations of the average dcnsity of the specimen, determined during its

preparation, were generally supplemented by sampling and density deter-

minations at several levels during dismantling of the test specimen upon

completion of a test.

Principal test data

108. Densities and deformations. Basic density data for the test

specimens of the 1954 test series are summarized in Table 1; whereas

observed axial and lateral deformations end corresponding values of the

Poisson ratios and changes in volume and density are shown in Table 2.
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A. 1954 TEST SERIES

ANHD 50 PSI AND to0 PSI CELLS AT
MIDHEIGHT, AND BOTTOM WITH
VARIOUS RADIAL OFFSETS.

C) AXIAL STRESSES MEASURED- MOSTLRESURETESTS WITH 6-IN. CELLSJ SOME
- i 2LL5TESTS WITH 12-iN. CELLS HAVING

oi t -Z A 3-IN. 1NACTIYET RIM.z
0

LiI 4-jj

-J A It~:OO S'. UIAL I N PA.. -

T1955 TEST SERIE

, 100 PSI AND A FEW 50 PSI CELLS
PLACED AT S-ItN. RADIAL OFFSETS

(7d O FOR MEASUREIMENT OF AX(IAL)
OD DIAGONAL) RADIAL AND TANGENTIAL

STRES~SES, ALL FOUR CEL.LS
170 l p USUALLY IN ONE PLANE 9-IN.

SAND AbOVE OR S-IN. SEL.OW MIDHEIGHT.

FIGURE 5I. ARRANGEME.NT OF WES PRESSURE CELLS IN PRIN~CIPAL
TESTS.
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Table 2

Axial and Lateral Deformations of TriaxiaJl Teat §Eecimens

1954 Test Series

Average' Average Volume of Poisson
Increase Area of" Volume of Vertical Vertical Adjusted Initial Ratio

Specimen Load in Radius Lateral Lateral Deflection Change Density Density V
No. ki•s in. CjMU Ch in. cu ft lbZcu ft lb/cu ft Ayera

7 30 0.127 5.93 0.385 0.720 0.417 106.2 io6.1 0.71

8 30 0.079 3.69 0.239 0.407 0.236 107.9 107.9 0.74

9 20 0.063 2.95 0.191 0.728 0.421 99.8 99.2 0.33

10 30 0.094 4.39 0.285 0.614 0.355 109.2 109.0 0.61

11 30 0.104 4.85 0.315 0.574 0.332 110.1 110.05 0.70

12 20 0.056 2.61 0.169 0.676 0,391 93.8 98.3 0.33

13 30 0.0877 4.09 0.265 0.480 0.278 -108.6 108.55 0.72

14 30 0.0697 3.25 0.211 0.458 0.265 u1o.6 110.5 o.64

15 20 0.048 2.24 0.o45 0.589 0.341 101.4 100.9 0.31

16 30 0.0677 3.16 0.205 0.450 0.260 111.2 111.0 0.59

18 P5 o.0o54 2.52 0.163 0.265 0.211 105.6 105.5 0.80

19 25 0.043 2.03 0.132 0.326 0.189 106.4 106.2 0.39

20 25 0.142 6.63 0.430 0.831 0.481 103.3 103.2 0.67

21 25 0.180 8.40 0.545 0.926 0.536 103.8 103.8 0.77

22 20 0.094 4.39 0.285 1.095 0.634 99.5 98.6 0.33

23 20 0.075 3.50 0.227 0.946 0.547 99.2 98.4 0.31

24 30 0.067 3.13 0.203 0.402 0.233 107.4 107.3 0.65

25 35 0.087 4.06 0.263 0.408 .. 236 110.0 110.1 0.85

26 3u 0.066 3.03 G.230 -.. 7, 0.216 109.. . 09.1 0-69

27 30 0.069 3.22 0.209 0.397 0.230 108.8 108.7 0,69

28 30 0.079 3.68 0.239 0.408 0.236 108.5 108.5 0.77

29 30 0.066 3.08 0.200 0.361 0.209 108.6 108.6 0.61

30 30 0.062 2.89 0.187 0.357 0.207 108.6 108.5 0.77

31 30 0.077 3.57 0.232 0.4o00 0.231 108.4 301: ) 0.76

32 30 0.078 3.64 0.236 0.440 0.255 108.0 108.0 0.71

33 30 0.074 3.45 0.224 0.415 0.240 107.4 107.3 0.71

34 30 0.040 1.87 0.121 0.328 0.1i0 108.3 108.1 0.48

35 30 o.o61 2.85 0.185 0.380 0.220 1.07.9 107.8 0.63

36 30 0.054 2.52 0.163 0.366 0.212 108.1 108.0 0.59

' Average of three gage readings at mldheight of specluen.
* Cross-sectional ar.ea of bulge assumed to be adequately represented by a parabolic area.

Assuming no displacement at head and base: A - 2/3 Arh
Where: Ar is average mlfdhielght radius increase

h is height of specimen
Er v V x E , v 0 Er/Ea " AR/R x HA/H a AR/AH x H/R a 6R/AH x 70.0/17.84 w 6R/AH x 3.91a r a"



Typical stress-strain relations for uniaxial compression of the sand are

presented in Figure 52; this and similar diagrams were used for estimat-

ing the deformation moduli of the sand under various stress conditions.

The maximum deviator stress or applied unit axial load was usually

30 psi, but in some tests the maximum load was 20, 25, or 35 psi.

109. Stress conditions at midheight of test specimen. As shown in

Figure 45, the theoretical stress distribution at midheight of a cylin-

drical test specimen with a length-diameter ratio of 2.0 and subjected

to uniaxial compression are nearly uniform, and the stresses near the

axis are only slightly larger than those at the cylindrical surface. A

typical soil-cell stress plot is shown in Figure 53. The definitions

given in this figure apply also to the general summary of observed

stresses in Table 3. The stress conditions at various stages of prepara-

tion and loading of the test specimen are illustrated in Figures 54-58

and discussed in the following paragraphs. Residual stresses at the

cells are not considered here but are discussed in a separate section

on the influence of secondary factors.

110. Measured stresses caused by deadweight of the sand, while

the test specimen still is supported by the forming jacket, are shown

in Figure 54a and b. 'here is considerable scatter of observed stresses

but no appreciable difference between indications of 50- and 100-psi

pressure cells. The scatter reflect,, stress changes caused by installa-

tion of the pressure cells and gives a clue to the reliability of the

various indications during the first loading cycle. The scatter of ob-

served deadweight stresses is greatest near the cylindrical. surface and

is undoubtedly influenced by variations in the sidewall friction between

the test specimen and the forming jacket.

111. The total effect of deadweight and application of a

13.2 6 -psi vacuum plus removal of the forming jacket is indicated by the

stress observations shown in Figure 55a and b. In this case the 100-psi

cells indicate slightly larger stresses than the more compressible

50-psi cells, which agrees with the general theory of pressure cells or

inclusions. According to the theory by Balla, Figure 45, a uniform load

increase in all directinnb should produce a stress distribution at
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TEST SPECIMEtN 27-1954 5ERIES
MORTAR SAND-REt ATIVE DENSITY 8a%

POIS0N RATIO -)xo.35
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TEST SPECIMEN 27, RELATIVE DENSITY 85 PERCENT, CELL 94-
CAPAC.T-Y' 50 PSi, OFPSE" 2-I1.)ELEVAT;Ot- 35 IN.

N I I
I IINCREASED CYCLIC STRESS
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,0 0 20 30 40
MEASURED ,STRF.55, c
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RESIDUAL LOCAL SOIL STRESS
"INDICATED B3Y PRESSURE CELL

~. %:27 PSI
DEADWEIGHT

--4 • ~ -- - •TOTAL MEASURED STRESS O'CT
Oco 'UC
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j MADWEt83T P5% 2.64 2.96 2.68 2414 2.228 2.6 &S .65 2.65 2.65
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0 2 U O to 40 30.2 16 08.081.3
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A. 0 PS IC .. mL.I-

"66 1 1 1 _- 
- I __I t).PECIME. 14 a I at All34
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SSPIECIMEN 144 VIoRATD-POSSI&IE.. VOIob-DATA UHIF..L.IABLE AND NOT CI)NOIDEREO

1. I00 PSI CELLS

FIGURE 54. MEASURED STRESSES AT MIDHEIGHT FOR OEADWEIGHT.
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midheight which has a slight minimum at the axis and maximum at the cy-

lindrical surface. The observed stresses show a minimum at the axis, a

maximum at a radial offset of about 5 in., and decrease to another raini-

mum at the cylindrical surface. This stress distribution may possibly

be an after-effect of friction between the test specimen and the forming

Jacket, now removed. The stresses caused by deadweight and vacuum are

not included in the stresses shown in the following diagrams but are

used to determine the stress changes caused by applied axial loads.

112. The stress increase caused by application of an axial unit

load of 13.26 psi is shown in Figure 56a and b. The observed data indi-

cate maximum stress near the axis and minimum stress at the cylindrical

surface which agrees with the theory for stress distribution in a cylin-

der with end restraint, Figures 44 and 45, but the observed stress vari-

ations with the radial ol'fset are much greater than the theoretical

variations, Figure 45. Tne stresses indicated by 100-psi cells are

greater then those indicated by the more compressible 50-psi cells. The

central 200-psi cells ihow a slight overregistration and are less com-

pressible than the test specimen, whereas the opposite applies to the

50-psi cells.

113. The same pattern and comments apply to the stresses shown in

Figure 57a and b, which correspond to the average slope of the cyclic

soil-cell stress lines for the applied load interval 0 to 25 psi, Fig-

ure 53, but it should be noted that the stresses are slightly higher

ihaai those obtained for the applied load interval 0 to 13.26 psi, as

shown in Figure 56. In general, the soil-cell stress lines are lightly

curved even for cyclic loading. Replacing these slightly curved lines

with straight lines may lead to erroneous generalizations, which will be

discussed in a later section on "Comparisons and Secondary Factors."

ll. The soil-cell stress lines show a great increase in curva-

ture or secant slope for the last load interval, 25 to 30 psi, Figure 53.

This corresponds to a greater increase in registration ratiof, Oc /o ,

as shown in Figures 58a and b. These observations also apply to cyclic

loading when the magnitude of the load approaches that of the previous

load. It may be noted that the maximum applied load, o = 30 psi,

Z
168



creates total stresses wit.h a principal stress ratio of 3.42, which is

close to that of failure of a test specimen of sand. The significance

of this great increase of the registration ratio will be discussed in a

later section and was the sub0ject of additional investigations in the

1955 test series.

115. Stress conditions at base of test specimen. The theoretical

stress distribution at the base of a cylinder with restrained ends aud

subjected to uniaxial loading is shown in Figure 45. However, the

stresses at the base were measured by pressure cells placed directly on

top of the rigid base plate. According to the simplified theory, the

registration ratio of a pressure cell placed on a rigid boundary corre-

sponds to that of a cell with twice the thickness and placed in a uni-

form medium, but a more rigorous investigation of this problem has not

yet been made. On account of these uncertainties and because the action

of pressure cells close to the midheight of a triaxial test specimen is

of greater interest, this report is confined to discussion of the regis-

tration of pressure cells at the base for a change in the applied axial

load.

116. Examples of soil-cell stress lines for cells at the base of

the test specimen are shown in Figure 59. In contrast to the soil-cell

pressure lines for a pressure cell at midheight of the test specimen, the

lines in Figures 59a and b are concave upward and the registration ratio

of the cells does r'*t increase with increasing axial load or stress. It

may also be mentioned that the lines for cyclic loading in some cases

show a small negative residual stress, probably caused by installation

difficulties and by restraint exerted by the rigid base. Negative resid-

ual stresses were not observed when the more compressible 50-psi pres-

sure cells were used; see section on residual stresses and Figure 62.

117. An example of meacured axial stresses at the base of the

test specimen is shown in Figure 60. The maximuzm axial load was usually

30 psi, but a few tests were performed with maximum -anit loads of 20,

25, and 35 psi. The diagrams are concave upwards, which is in agreement

with theory, Figure 45, but the numerical values for the central part of

the specimen are smaller than the corresponding theoretical value, in
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spite of the fact that the pressure cells were placed on top of the

rigid base plate, which should increase the registration ratio, accord-

ing to the simplified pressure cell theory.

Comparisons and analysis

118. Experimental versus theoretical data. A simplified form of

Figures 57 and 60 is shown in Figure 61, which facilitates comparison of

theoretical data, Figure 45, with experimental data obtained by 50- and

100-psi pressure cells. The general form of the experimental curves

agrees with that of the theoretical curves, but there are large varia-

tions in the experimental curves. In the central part of Figure 61a the

theoretical diagram lies between the experimental curves obtained by

50- and 100-psi pressure cells. This may indicate that the 50-psi cells

are more compressible and the 100-psi cells less compressible than the

sand in the test specimen for the particular stress conditions. However,

the slope of the outer part of experimental curves for the midheight sec-

tion is much greater than the corresponding slope of the theoretical

curve, and the stress distribution curves for 50- and 10-psi cell inter-

sect each other. This intersection cannot be explained by available

theories, and it is probable that the reliability of the extrapolation

is not reliable.

119. The diagrams in Figure 61b show measured stresses at the

base and that both 50- and 100-psi cells in the central area indicate

stresses which are well below tbh- theoretical stresses. The latter in-

crease sharply close to the cylindrical surface, where stresses cannot

be measured with the usual pressure cells. Simple extrapolation of ex-

perimental data up to 14.5 in. frnr "the ".s vould, rezut i. much too

small stresses at the cylindrical surface, in comparison with the theo-

retical stresses, and the reliability of the extrapolated parts of ex-

perimental curves is questionable.

120. Stmmnatioii of measured stresses. The ratio of mer.sured

forces, pm , to applied axial forces, Pz , was determined in some

cases in an effort to obtain numerical estimates of the overregistration

or underrugistration of the pressure cells. The measured forces were

determined by dividing the cross suction of the test specimen into nine
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circular segments, with a width of 2.0 in. for the inner segments and

1.84 in. for the outer segment, and then mauLltiplying the area of each

segment with the average measured stress for the segment, obtained from

the stress distribution curves. Te total measured force is then,

P= aA (92)

and the ratio P /P represents the weighted average overregistration
m z

or underregistration of the cells used in determining the stress distri-

bution curve, ajsuming that the actual stress distribution is unifo:.-m,

whicA is unusual. in reality, the ratio Pm/Pz is a mathematical tx-

pression for the relative position of the experimental stress distribu-

tion curve and the lne (a/a) 0 . In ideal cases the ratioPm /Pz

may furnish a check on and improvement of estimated overall registration

ratios, but in case of the WES tests the ratio P /P doe3 not furnish
m z

K any new information auid is less reliable than the experimental stress

distribution curves, because P depends on extrapolation of the mea-
m

sured stress distribution curve from an offset of 14 . 5 in. to the cylin-

drical surface at an offset of 17.84 in. The accuracy of the extrapo-

lated part of the stress distribution curve is questionable in many

cases and causes a corresponding unreliability in the computed values of

P /Pz *. Computed values of this ratio vary from 0.78 to 1.11, but stress

distribution curves similar to those in Figure 58 would yield much higher

valaes of P-/P,

121. Influence of loading conditions. In discussion of the mea-
S.sued s~tresgsej at midheight of the test specimen, it was me-ntioned that

the registration ratio of the pressure cells increases with increasing

axial stress or the principal stress ratio, Figures 57 and 58. This

"agrees with the downward curvature of the soil-cell strcss5 diagram,
Figure 53. The op.osite epplies to pressure cells at the base of the

test specimnen, Figure 59. Corresponding but greater changes occur in

the incremental registr~tion ratios, Aa lAo I which are readily deter-
C z

mined by the secant slopes of the soil-cell stress diagrwns for each

-j -A D .



lo'xd increment, Figures 53 and 59. The results of the computations are

shown graphically in Figure 62, It is seen that the incremental ratios

"K "increese to about 2.0 with increasing axial stress, constant lateral

"stresses, and a corresponding increase of the principal stress ratio,

I On the other hand, pressure cells at ihe base of the test specimen are

* . subject to a relatively small decrease with increasing axial load. This

decrease is probably related to the end restraint and the increase of

radial stresses with increasing axial stresses. It is seen that the
- regisration ratio is not a unique or constant property of pressure cells

measuring axial stresses in a test specimen subjected to uniaxial changes

in loads or stresses.

122. Changes of the cell registration ratio with the stress con-

ditions was investigated in much greater detail during the 1955 test

series, and the results are described in the next part of this report.

At this time it shall only be mentioned that changes in the cell regis-

tration ratio can be decreased or eliminated by supplementing changes in

axial stresses with corresponding changes in lateral stresses or by main-

first.loadtainin g the erinciial stress ratio within certain critical ranges.
'V 123. Influence of residual stresses.- The foregoing paragraphs

L • deal primarily with changes in the applied axial stress and correspond-

irhg changes in measured stresses. 'The total measured stresses include

"-- also measurement of stresses caused by deadweight, by vacuum and corre-

V sponding all-round soils stress, and by residual stresses after the

•l )'first loading cycle, Figure 53. The residual stress reflects local

t stress changes in soil adjacent to the pressur'e cell. Measured stresses

trom aceadweight and vacuum show uily swall chacu;es with cell Gffstt- an, d

capacity, Figure 55, and thcy are not affected appreciably by applied

'. axial loads. On the other hand, the measured residual vary greatly with

"cell position, capacity, or compressibility, and they may cause appre.-

ciable changes in the shape and relative position of stress distribution

•. . cturves for total stresses. It should also be borne ih mind that the

* measured residual stresses represent not only true residual stresses but

also stress changes caused by movemcnt and improved seating of a cell

during the first loadinG cycle.
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124. Examples of residual stresses measured by 50- and 100-psi

pressure cells at midheight and base of test specimen are shown in Fig-

ure 63. In all cases the residual stresses at 50-psi cells are larger

than those at 100-psi cells. At midheight the residual stresses decrease

to very small values at the surface of the tests specimen and attain an

unexplained maximum at an offset ratio (r/R) of about 0.45. For cells

on the rigid base plate the residual stresses increase from the center

towards the edge of the test specimen, and 100-psi cells near the center

indicated small negative stresses. These results are probably caused by

end restraint and possibly also by small movements or adjustments in the

seating of the cells.

125. Measurement of soil stresses with pressure cells without

considering the influence of local residual stresses at the cells may

yield quite misleading results. An effort should be made to determine,

counteract, or eliminate the influence of rtsidual stresses at the cells.

The simplest and most direct method will probably be to preload the soil

over a cell to the ultimate stress after the soil cover over the cell is

sufficient to maintain the residual stresses. The preloading may be

accomplished by construction equipment or movable weights. The differ-
ence between the cell readings before and after preloading gives an
approximate value of the residual stress, which in turn may be used to

establish new and compensated zero readings of the cel. . Furthermore,

the preloading will probably cause an improved and more reliable aeating

of the pressure cell. Seating loads (vacuum) were applied in the test

series of 1955, and corresponding changes in pressure cell indiLations
---------

Cell Action Tests of 1955

Purposes and procedures

126. Principal objectives. The 1955 test series supplements that

of 1954, and the objectives were to investigate not the stress distribu-

tion in the test specimen but. the action or registration ratios of pres-

sure cells at comparable locations but with the cells oriented in differ-

ent directions to measure axi.•l, radial, tangential, and 45' diagonal
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stresses for uniaxial loading and also for various triaxial loadings in

which the principal stress ratios in the test specimen were maintained

at constant values. Special tests were also made to investigate the ef-

fect of an inactive rim added to the standard 6-in. WES pressure cell

and to determine the angle of internal friction of the sand used in the

experiments.

127. Location of pressure cells. All cells were placed at an

offset of 9 in. from the axis and 9 in. above or below midheight of the

test specimen, Figure 51. Placement in the two planes was selected to

gain more freedom in arrangement of cells or groups of cells. The angu-

lar spacing of the cells in the same plane was 90 to 120 deg, and cells

in two planes were offset by half of those angles. At this location or

a height ratio h/i = 9/35 = 0.257 and a radial offset ratio r/`( W 0.5,

the theory by Balla (1961.) yields the theoretical axial stresses

o = 1.01o for uniform triaxial loading, Figure 45. These small devia-a z

tions from the average unit loads are neglected in the following evalua-

tion of the test data.

128. Equipment and test preparations. The triaxial testing equip-

ment and the sand for the test specimen were the same as those used in

the 1954 test series. The sand was compacted to a density of 108.5 pcf

in all tests. Standard 100-psi WES cells were used wh2never possible

but were replaced with 50--psi cells in a few tests. A seating load or

vacuum of 13.26 psi "as applied three times after completion of the test

specimen but before it was removed from the forming jacket. The forming

jacket may absorb a considerable part of the lateral seating load. The

axial seating stress may attain its full nominal value at the end sur-

faces but it is gradually reduced by sidewall friction. At midheight

of the test specimen the axial seating stress may only be 40 to 50 per-

cent of the stress on the end surfaces. The vacuum during removal of

the forming Jacket was 2.5 psi, which was increased to 4 to 5 psi at the

start of most tests. A few pressure cells developed leaks to the space

below the interior measuring diaphragn, which was taken into considera-

tion when evaluating the cell indications. Pressure cell No. 117 was

intentionally vented after possible leakage was disco'vered.
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1.29. Six-inch strain gages were placed at various elevations and

offsets in some tests, but the rods of the st ain gages were often bent

during testing, and the results obtained by the strain gages do not ap-

pear to be reliable in a quantitative sense and were not used in evalua-

tion of the test data. Outside axial and lateral deformations were mea-

sured in all tests, and the results are used and summarized in this
report.

130. Testing procedures. One series of tests were performed as

uniaxial stage tests. The vacuum or confining pressure during the first

stage was maintained at 4 psi, while the axial load was increased until

a relatively flat slope of the stress-strain diagram was attained,

Figure 64, whereupon the applied axial load was gradually decreased to

zero. The vacuum was then increased to 8 psi and a new axial loading

test was performed, which was followed by a third and a fourth test

series both at a vacuum of 12 psi. In another series of tests the prin-

cipal stress ratio was maintained at a constant value while the axial

and lateral loads were increased mntil a limiting vacuum or a = 12 psi

wa_ attained, whereupon- the loading cyclc ;me rcpcated with another

principal stress ratio. Several cyclic soil-cell stress diagrams were

obtained. for principal stress ratios of 1.0, 1.5, 2.0, 2.5, and 3.0.

After the final load cycle all tests were continued as uniaxial tests

without further change in maximum vacuum until large axial strains or

practical failure of the test specimen occurred. The incremert of the

axial increase or decrease of the unit load varied between 2 and 5 psi,

depending on the maximum load. The deadweight of the soil, but not

residual stresses and strains at the pressure cells, was considered in

computing the total stresses and the principal stress ratios. Each type

of test was usually performed in triplicate. Variationis of the Poisson
ratio-, for specimen 70 were computed from observed axial and radial

strain and are tabulated in Figure 64.

131. Sunanaries of test data. Detailed summaries of data for the

principal tests of 1955 are presented in Table 4, which i; en uncorrected

copy of Table I in the Conference Memo of September 1955. The stresses

shown are averages of those indicated at the end of cycles and duplicate
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8t4esa Pressure Cell No. Vertical Strean 2

Ratio Pressure for Type C/clic Total cl
Specd- Is Cell Sltress I.ea.Mureed moeasurd Meacured

men Vertical rlevmtlon- Horlzontal Applied Percent Applied P-rcent Failure Applied
-2o- H-o-ritontal in. Vertical Diagonal Radial Tangential pai psi Aj~plled psi Pai Applied Slooe __si psi

48 3.0 35 915 - 8. -- 35.6 18.4 136 40.7 59.0 14s -- -.

49 3.0 35 91t -- 108% -t 34.8 1.5.0 i29 39.9 57.5 16), 0.1,55 . ..

50 3.0 35 86 -- 82 -- 34.8 17.0 135 39.9 57.0 143 0.492 .. ..
51 3.0 35 86 -- 82 -- 31.8 45.0 129 39.9 51.0 135 --....

67 2.5 26 82 83 119 85 26.2 33.0 126 31.8 41.5 131 o.1ý6 1P.P 19.9
68 2.5 26 82 83 119 -- 26.2 29.2 111 31A8 36.8 116 0.570 18.2 P1.2.
69 2.5 26 82 83 i19 100l 26.2 31.2 119 31.8 39.7 I25 0.501 1 .2 19.-1
67 2.5 44 86 118 117 108t 26.2 33.3 129 30.7 ,1..5 135 0.510 18.1 18.6
68 2.5 44. 86 118 117 108t 26.2 33.-4 128 30.7 4.1.6 136 0.475 18.1 21-1
69 2.5 44 86 118 117 108t 26.2 31.2 119 30.7 37.6 122 o.494 18.1 20.2

5B 2.0 26 121 85 119 120 20.0 25.0 125 25.6 33.0 12-9 0,513 15.1 16.8
59 2.0 26 121 85 119 120 20.0 P4.8 i2. 215.6 33.3 130 0.512 15.1 17-.0
r6 2.0 26 121 85 119 120 20.0 22.3 112 25.6 31.3 12? 0.4.69 15.1 17.8
61 2.0 26 120 82 83 108t 20.0 P.I 119 25.6 32.2 125 0.50 15.1 17.2
62 2.0 26 119 82 83 121 20,0 22.5 113 25.4 31.0 121 0.566 15.1 17.0
63 2,0 26 119 82 83 121 20.0 22.1 i11 25.6 29.5 115 0.478 15.1 17.1
55 2.0 44 91T 85 83 108t 20.0 20.6 103 21.5 26.4 108 -- 15.0 16.7
%6 2.0 44 9" 85 83 108t 20.0 26.4 132 24.5 34.4 140 0o.63 15.0 16..8
57 2.0 L4 915 85 83 108,t ?0.0 26.9 135 24.5 3L.7 1L2 0.557 15.0 1(.1
61 L.U 44 d5 lib &6 117 20.0 23.6 118 Ph.,, 31.0 127 0.12,9 15.0 16.8
62 2.0 h4 85 118 86 117 20.0 21.0 120 2!4.5 30.6 125 0.515 15.0 16.0
63 2.0 L4 85 118 86 117 20.0 24.0 i20 2I,. 31.8 130 0o1665 15.0 19.2
61. 1.5tt 26 83 82 108t 84 11.1 13.3 120 19.3 23.1 12o0 0.29 9.3 11.3
65 1.5 26 83 82 119 81 11.1 12.3 11.1 19.3 21.8 113 0.501 9.3 12.1
66 1.5 26 83 82 119 81 I.l 12.9 116 19.3 23.5 122 0.475 9.3 11.1 "
61 1.5 h4 120 118 85 86 11.1 11.3 129 18.2 22.1 125 0.172 9.3 10.8
65 1.5 44 120 118 86 117 11.1 13.1. 121 18.2 21.2 133 0.481 9.3 11.3
6a 1.5 14 121 118 86 108t -1.1 15.2 137 18.2 27.5 151 0.176 9.3 102

64 1.0* 26 83 82 108t 81 10.1 12.6 125 15.7 20.9 133 -- 10.1 .6'
65 1.0 26 83 82 119 81 10.1 11.6 115 15.? 19.3 123 - 10.1 1.3 2 -Z
66 1.0 26 83 82 319 81 10.1 11.8 111 15.7 18.3 117 -- 10.1 12,5
61: 1.0 L4 120 118 85 66 i0.1 12.8 127 14.6 19.3 132 -- 10.1 119
65 1.0 44 120 118 86 1'( 10.1 11.8 i17 14.6 19.3 132 -- 10.i 11.9
66 .1.0 44 121 118 86 108 10.1 11.7 146 11.6 22.6 15' -- 10.1 .1.4

70 Constant 26 82 83 119 121 33.0 41.6 126 10.2 52.6 131 0.540 20.5 21.5
lateraltt

71 Comstrant 26 82 83 119 85 33.0 44.0 133 40.2 57.0 142 0.54-4 20.5 2•1.7
lateral

72 Constant 26 82 85 119 83 33 0 41.3 125 40.2 51.3 128 0.604 20.5 19.0
lateral

70 Constant 44 86 120 I17M 108% 33.0 1.1.5 126 39.1 51.5 132 0.'J33 20.5 20.1lateral

71 Constant 44 86 120 1178 ioo 33.0 46.5 141 39.1 56.5 145 0.41 20.5 I..3
lateral

72 Constant 4i4 86 120 1178 84 33.0 45.8 139 39.1 55.8 113 0-530 2,. 5 -0.6lateral

All cellb located at 9-in. offset fiot center uf epecimen.
'* Compuled using treasured diagonal and horizontal (radial) stresses.
4 50-pas capacity cells.

15 Tested subsequent to tests usindr A stress ratio of 1.0 (fourth, fifth, and sixth cycles).
8 An approx'.mate stress ratio of 1.0 vraa obtained by astplying varying contining pressure only to sp.ecioens. Btcause of the -veigh'. of the head- p

1.0 cannot be obtained.
*s lesto using three confin'n.g pressures (4, 6, and 12 ysel applied In a nndlrg order.
SCell 117 vented In Teets 70, 71, and 72.

1.0" cannot be obtain.. - .--



Table 4s

Sa-- i' of Applied tnd Measured Stresses In Trisxial Test Speciiens

1955 Test Series

tHoriwontal Stress
Dliagonal Stress Measured

Cyclic Total. Radial T"nsential Rlesidual S-
Measured Measuredd Cvcli Total Cyc- Total Vertic Diagonal o

ent Failure Applied Percent Applied Percent Failure Cyl•c Total Percent Per.:ent - ercent Percent Stress Stres -

lied s1oýpe si _~ ~l! a psi Applied ps si A1~e Sope _.I psi ! psi Applied pal Applied pli1 Applied psi Applied psUi 2e1

"I,5 .. .1 03.. .. .. .. 11.1 13.6 12.0 108 14.3 105 .. 1 . 3.6 ---
b49 0.1,55 . 6.8 . 1.1 .3 .. . 1 10-.1 12.3 10.8 30c 13.3 99 10.1 6.0 0--

1 3 0.51? 5. 1 1. 01. 1 . 7 . . . 10 .8 13.3 1 0.3 107 13.1 98 1.3.0 --

S1305 15.1 .. 1.1 .1. 1 . . 10.8 13.5 10 10 13.5 102 .. 2.6 0.0

63, 0.566 18.1 1979 109 19.1 23.6 10o6 0.435 10.1 12.5 11.5 114 13.7 110 10.3 102 1..9 99 1.5 -0,50-
[12 0.570 16.1 21.2 i13 19.1 2 .3 110 0.539 10.1 12.5 10.6 105 13.0 101 1.1 10 1 .5 0.1
115 0.518 15.1 19.6 118 12.1 23-3 105 0.549 10.1 12.5 10.5 110 12.7 101 e.1 80 1 1.0 1. 2.0 -0.85

0.510 5. 18.6 103 1.6 21.6 100 0.506 10.1 1 .5 I10.1 00 127 9 .1 100 1.1. 97 1.9 -0.10-25_--
11. 0.475 18.1 16.8 117 1.56 24.6 115 0.5q5 10.1 12.5 10.9i 100 11.5 100 9.9 9e 12.0 96 .5 . 0.3[1 0.•94• 5.0 1.. 112 18.5 2i-35 115 0.703 10.1 12.5 10.5 105 12.8 10 9-5 95 10.7 86 1.0 -0.5

129 0.513 15.1 16.6 109 18.1 21.3 112 0.570 10.1 12.5 10.9 108 13.3 106 90.8 100 11.5 9P 1.0 0.0

:130 0.516 15.1 17.0 113 19.1 20.7 126 0.609 10.1 12.5 10.3 102 12.0 91 7.1. ioz 11.7 97 2.0 -0.6
122 0.o.49 15.1 17.8 118 59.1 21.1 117 0.550 7O. 5 12.5 8.3 111 12 106 80.2 100 1.19 95 2.1 0.0
[126 0.501 9.3 12.1 10 159 .1 21.7 1 0.580 70.5 12.5 10.3 102 12.4 99 10.7 116 12.6 101 0.5 0-. .
125 0.. 566 !5.1 17.0 113 19.1 20.2 1016 0.590 10.1 12.5 10.7 106 12.6 901 90.3 100 1I.16 93 -. 5 -1.

o13 .78 15.1 9.3 11. 122 19.1 10.6 108 0.403 70.5 12.5 10. 10.. 12.6 3 01 9 0.1 101 12.1 2.3 -1.9-0
108 15.0 16.7 110 18.5 20.7 l0O -- 0 01 . 12.5 80.9 119 11.6 97 80. 107 12.6101 1.9 -0.1.
1.3 0.-V3 10 0 1 .1. 12 18.5 20.9 113 0.-79 10.1 12.5 10 .2 109 13.8 91 9.9 97 121. 91 1.o 0.5

12 0.55 15.1 13.2 1 18.5 21.3 15 0.633 10.1 1215 10.6 105 12.8 102 106 95 11.0 08 2.0 1.12
1.7 :.2 10.1 12.5 121. 13.= 16.5 117. 0.6,56 10.3 12.5 I. 115 13.9 1i1 10.8 17 12.8 102 1.. -0.8
125 0-515 10 11.9 107 13.5 15.5 303 0.570 10.1 12.5 11.7 116 1.3.2 i0 11. . 11.3 910 0.9 0.0
130 o.466 15.0 19.2 128 13.5 13.3 1156 0.465 10.1 12.5 10.3 122 13.8 130 7.4 73 8.8 70 2.6 -0.5

1550 C-.L 9.3 11.3 122 1539 17.1 107 0.4-5 7.5 12.'5 8.3 110 13.1. 996 8.8 o9 12.1 97 O2. -1.0

"f 131 G501 9.3 21.5 10 15.9 27.8 114 0.620 7.5 12.5 9.9 132 14.74 91 .5 113.5 17.1 130 0.5 -2.4
112 0.5.175 9.3 11.7 123 15.9 18.7 118 0.570 7.5 12.5 9.1 129 13.9 95l 8.7 116 12.6 100 0.0 -0.6
:125 C.472 1.3 00.8 116 15.2 16.0 lob 0.95 7.0 22.01 8.6 I09 11.9 5 3 9.3 128 h .1 87 -0.5 -1.7

S133 0.583 9.3 11.3 122 15.6 15.7 1 08 o.625 7.5 12.5 8.7 116 12.3 98 8. 8109 . 10. 102 2.3 -1.9
• 151 0.1.16 2.53 10.3 100 15.6 15.7 102 0.871 7.5 12.5 8.9 119 10.] 97 6.0 807 i2.6 101 1.3 -0.0

133 05 20.5 12.6 1205 2I.l 17-1 0i 0 -- 1 0.c 12.5 71.0 109 13.7 1i0 9.8 97 12.4 99 1.6 -0.5G13 -- 10.1 13.2 131 14.1 )8.2. 129 - 10.1I 12.5 12.4 123 15.1 ]2] 10.1 100 12.5 100 2.1 -0.2 --
k 1.17 10.1 12-5 12ý 14.1 16.5 ]17 -- o.0- 12-5 ]i.6 1-15 13.9 111 10.6 i~i 12.8 102 !.4 -0).8 -
332 "- 10.1 11-9 118 13.6 15.5 1 -- 0l.1 12-.5 10.8 107 13.2 106 11.5 114 13.8 110 0.9 -0.4
312 -- 10.1 11.9 lip 13.6 15.7 115 - 1 0.1 12.5 10.8 10,7 12. 9 103 10.7 106 13.8 1-10 2.6 -0-.2
i• 5 -- 10.1 11.4 113 13.6 13.8 102 - -!0.1 12.5 11.1 llO 12.4 99 9.8 97 I1 .7 94 2.7[ -1.4

131 0.540 20.5 ý1.5 105 26.1 27.8 107 0.463 8.0 12.0 7-9 99 r-.7 ge 11,5 144 17.1 143 2.0 0-5 -

14P 0.544 ?20.5 21.7 107 26.1 28.2 106 0.456 6.0 12.0 7. 4 93 ll.4 95 7.4 93 ll.b 97 3.5 0.6 -

128 0,604 20.5 19.0 93 26.1 24.0 92 0.570 8.0 12. 0 t. 6 95 11.2 93 6.9 86 10.4 87 2,8 0.0 •-

,132 0.583 20.5 20.1 98 25.6 25.4 99 0.-5156 6.0 12.0 6.5 106 12.5 1I>4 6.7 84 10.2 85 2.2 0.5

145 0. 441l 20.5 21.3 101, 25.6 26.7 104 0.585 e.0 12.0 7.4 92 10.8 go 6.6 83 9.P, 82 i.6 0.0 •.
lh .3 05 •. 0 56 25.6 100 0.5%1 8.0 12.0 7.7 96 10.9 91 6.8 85 9"9 83 1,3 0.0

COPY AVAI,
muse of the . ight of the head plate and overburier., a. ex•act ratio of PEgLIT F
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r Aý

____________t __Residual Streas Vertical Stressa*
c_______ Total Vertica&l D

4
agn Horiontal ,Streiss Cyclic Total h.PerceeenPe

t Percet Stress Stress Radial Tanential Percent Percent i'.
~-ApplIed tLE. Applied pst oa pi os -' l ~ ied psýI Applied 0

-.. .. ..- 3.6 -- 0.4 -- - . ; . . *-
.. .. ..�-6.o -- 0.0 -- 0.0-. -- " _-
-.. .. ... 3.0 -- -1.1 -- "1- " , , ,-.
* .. .. ..- 2.!. 0.0 0.0 -- ,--0 0.-- . --

-3 102 12.. 99 1.5 -0-5 -0.5 -o0. 28.3 108 33.5 105 -
-- -- -- 1.5 0.4 0.0 -- 31.8 121 3-9.6 125 .,". . ;

.1 80 11.0 88 2.0 -0.5 -1.0 1.0 28.1 107 33.9 107 -, .
-8 97 11.3 90 2.5 -0.5 0.2 -0.8 27.1 103 30.5 99
.9 98 12.0 96 2.5 -0.3 0.0 -0.2 32.1 123 37.1 121
.5 91. 10.7 86 1.0 -0.5 -0.6 -1.1 29.9 114 34.7 113 .

.1 100 11.5 92 1.0 0.0 -0.2 -1.0 22.5 113 29.3 114

.3 10? 11.7 94 2.0 -0.6 -0.5 -1.0 23.7 119 29.4 115 - , " -

.1 1O0 o , i.q 95 2.6 0.0 -0.2 -0.6 25.0 125 32.0 125 . "

.7 106 12.6 101 1.7 0.0 0.0 -0.4 24.1 121 31.0 121

.l I';.1. 93 2.5 -1.1, -0.6 -0.9 23.3 117 27.5 109

1.0: 12.1 97 1.0 -0-. -0.4 -0.6 23.7 119 28.6 112
0 -0 12.1 97 0.0 -0.! -1.0 -0.5 23.3 117 29.0 118 --

.. 9 0 11.4. 91 2.0 0.0 -0.8 -0.8 P3.4 117 30.0 1"2
.6 5 11.0 88 2.0 1.1 -0.2 -0.9 22.P III n.8 12."
4., 303 11.8 94 1.5 0.0 0.5 -1.0 22.4 112 26.5 108 .¾. ,' 1

.g 97 11.3 9o 1.1 0.0 -0.9 -0.8 20.3 102 24.6 100
.4 73 ,' .-. 2.2 2 , .. •. 31 3 .8 131.

.2 10" 12.1 97 0.4 -2.0 -0.8 -1.4 14.3 1i9 21.0 109 ,g

i.5 2.3 12.5 100 0.5 -2.4 -2.L) -1.6 14.3 129 21.8 113 -
1.7 116 1r 100 c.0 -0.8 -1.8 -1.8 13. L; 21 23.5 122
1.3 :2L "3 107 -0.5 -1.7 -1.7 -2.0 13.4 121 20.1 110 ..

1.2 :19 1? - 10? -1.9 -2.3 -0.9 13.9 21-.. :16
1.0 107 12.6 101 1.3 -1.1 -2.6 -0.7 13.5 122 19.3 1o6 " " .. "

1.6 97 12.4 99 1.6 -0.5 0.0 0.3 14.2 ld 20.5 13:- ..
$.1 100 32.5 130 2.1 -0.2 -0.3 0.0 14.0 139 21.3 13.. :.
).8 107 12.8 102 1.1 -0. -0.5 -0.5 13.4 133 19.1 1i2 .
.. 5 11. 13.8 110 0.9 -0.4 -0.1 -0.5 13.0 129 17.8 in +.-..

).7 106 13.8 110 2.6 -0.2 -0.0 0.6 13.0 129 1,.9 12-' OU
?.8 97 11.7 94 2.7 -1.4 -1.1 -0.4 11.7 16 15.2 104

L.5 144 17.1 1143 2.0 0. -0.2 -0.1 35.1 106 163.9 109 .l.og

1.1. 93 11.6 97 3.5 0.6 0.? 0.5 36.0 109 45.0 112

S.9 86 10.4 87 2. k 0.0 -0.? 0.0 3u.4 '7- 36.3 92

5.7 84 10.2 85 2.2 0.5 -0.2 0.2 31.7 96 38.3 983

"S.6 83 9.8 82 1.6 0.0 -0.3 0.0 35.2 107 12.6 1O9.

F.8 85 9.9 83 1.3 0.0 -0.7 -0.3 33.5 102 40.3 103 . ,

NOT

COPY AVAILABLE TO DOG DOES NOTLEGBLEPRODUCTION''
PE?11T FULLY LEGIBLE.
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tests. The failure or final slope is that of a straight line replacing

-..he last part of the soil-cell stress, diagram. Likewise, cyclic test

data may be represented by secants or straight lines between average

stresses for the maximum cyclic loads. However, replacing slightly

curved diagrams by straight lines may result in misleading genereliza-

tions, as explained in more detailed discussions of the test data. The

applied diagonal stress is one-half the sum of applied axial and radial

stresses, or ad = 1/2(az + Or) Conversely, the computed vertical or

axial stresses in the last columns of the table are obtained from mea-

sured diagonal and radial stresses and a = 2o - az d r
132. Table 5 presents average values of measured deformations and

corresponding moduli of the test specimen. Table 6 contains average

values of registration ratios for the various types of tests, based on

Table 4, plus average axial and radial deformations of the test specimen.

The results of tests with a 6 -in. cell plus a 3-in. inactive rim are

shown in Figures 95-97, but the results obtained with internal strain

gages and preliminary tests with a shear cell are not suimmarized in this

rt.purL. puLcitz tests with the A i all apparatus wcrc performed

to determine the angle of internal friction of the sand used. in the
II

test specimens for investigation of pressure cells. Angles of internal.

friction obtained with the large triaxial device varied between 38.8 and

40.8 degrees, and the average was 39.4 degrees, which is one degree

larger than obtained with standard triaxial equipment.

Axial stresses for unaxial loading

133. Tests performed. Three test specimens, Nos. 70-72, were sub-

j ected to axial stage loading for partial vacua or confining pressures

'P of 4, 8, and 12 psi, applied in ascending order. Pressure cells were

placed both above and below midheight of the test specimen or at eleva-

* tions 26 and 44 in. above the base plate. The results obtained with the

three test specimens are in satisfactory agreement, ard only the data for

* .test specimen 70 are presented and discussed in the following paragraphs.

134. Stress-strain relations for triaxial specimen. Stress-

strain diagrams for uniaxial stage loading of specimen 70 are shown in

Figure 64, which clearly indicate the previously mentioned loading
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procedure. The confining pressures are identical for the third and

fourth cycles, and cycle four is therefore a true cyclic test. The

modulus of deformation for the first stage and cycle was determined by

the secant tu the point of 0.02 percent strain; the moduli for the other

cycles were determined by straight lines which represent the best fit

for the fairly straight parts of the diagrams.

135. Meoured axial stresses. Results of the pressure cell tests

are summarized by the soil-cell stress plots in Figure 65, which shows

the axial stresses indicated by the pressure cells versus the correspond-

ing unit loads. Soil-cell stress diagrams for cycles 2 and 3 are not

shown in Figure 65 since they are intermediate between those for

cycles 1 and 4, and the loading in these two cycles was not continued

until large deformations were attained. Before further evaluation of

the test data is presented, it is appropriate to summarize the principal

definitions and equations of the simp].ified theory for interaction of'

soil and a pressure cell.

136. Definitions and simplified theoretical relations. Taylor

(10145) mentions that the zimplificd theory for pressurc cell action

actually should be applied to incremental loads and pressure cell indi-

cations, but he omitted the incremental sign, A , for convenience and

used total stresses and deformations, which does not introduce signifi-

cant additional errors in linear relationships when the moduli of defor-

mation of soil and cell, M and M , are fairly constant. However,
s c

there is considerable difference between equations and relations for in--

cremental and total stresses and deformations when the stress-strain

diagrams are curved, as shown in Figure 66. The following summary ap-

plies primarily to incremental relations and the corresponding sign,

S, is reintroduced when appropriate. The overregistration of a pres-

sure cell is defined by

Au = Ae - Au or o =o - o (93)e c Z e c z

since the definition applies tc; both incremental and total stresses.

The corresponding strains are

186140ý
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TI V,'CLE (PARTIAL)

CYCLE I (INC.REASING

L0A'" "4P$

,I-

Ii

-• i• F.EBOUN D--4-

Lai

CELL 82 =I00 Ps10 .( Mr_ -45,0OO PSI

•" ;j /o'e a- oc - (17z + 17)

0, O.OOCO O.0015 0.0020 0.0025 0.0030

SOIL-CEL.L ,TRAIN DIFFERENTI AL ELe (•-z -c) I N/IN.

i5 1z tAPPLIED UNIT LOAD CYCLE 4CY. =CE:LL STRESS FOPR. Z q3 z 12 PSI
a- =" CONPINI 9G STRESS=-4 (SEE FIG. GS

•I ioF'z zAXIAL STRAIN FOR CYz

F.r CELL STRAIN FOR O"c,
S'Mt45,OOO PSI

IK I

CYCLE 2--
S (0m3 -8 PSI)

•' I .. . . . . _ .
0 6 . ." -. .t_Y_ 6 ,U,=Z__ _ _l

u REBOUND

4

0.0020 0.0025 0.0030 0.0035 0.0040 0.0045 0.00so
SOIL-CELL STRAIN DIFFERENT% AL, ¢ (cz &,') IN/IN.

FIGURE Q6GA. CELL OVER-REGISTRATION vERSUS AXIAL STRAIN Tr'IE.ENTIAL
AT MIDAfIGHT; UNIAKIAL STAGE LOADING, SPECIMEN 70- CELL 89)

ELEVATION 26 IN. CYCLES I) 2,A14 3
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AG AU
Ae = M and Ae = Z (94)

c S

where the modulus of the cell, M , is reasonably constant whereas M1C s

is the tangent modulus of the soil as defined by the stress-strain curve

and varies throughout the test. The secant modulus is commonly used for

total stresses but the reliability of this procedure depends on several

factors, especially the initial stress conditions of individual tests.

TAe strain differential is

ACe = AC - AC or e = - c (95)e Z c e Z c

This definition is used and valid for both incremental and total strains,

but the total strain cannot be computed by the simple equations for in-

cremental strain (94), since M4 is a variable. The movement of eachs

face of a pressure cell with respect to the soil, 6 or A6 e , ise e
called the indentation in this report and is determined by

A6 = BAE (96)e e

when B is one-half the thickness of the pressure cell and of the soil

layer under consideration. In the simplified theory for interaction of

soil and cell it is assumed that the indentation also can be expressed

by

LA
A6 e =D e (97)

s

where D is the diameter of the pressure cell and N is an indenta-
s

tion coefficient which is a function of the modulus of the soil, M1s
When the modulus of the soil varies it is expedient to introduce the

indentation ratio

N
Ks= (98)

s
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which is assumed to be a constant for a given soil condition, as an ap-

proximation, The relation between strain differential, indentation, and

overregistration of the cell may be written

A6 M = D e(99)e e K SM

and

M ___e BAEe= D Ks Ae (100)

s

With the reservations indicated above, these equations may also be ap-Splied to total stresses and strains in the evaluation of test data; that

is,

e B 101
F M S eI(

Referring to the discussion of the simplified theory for soil-cell inter-

action, Part II, paragraphs 28-67, the registration ratio of the cell

may be expressed by

c B s

B M- s

and the maximum value of this ratio is attained for M /Mc 0 , which

yields

=1+ B
a 1 + Bs (103)

z
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Equations 102 and 103 apply primarily to incremental loads and stresses.

The equations may be used for total loads and stretses when Ms and Mc
S c

are constant, but they will in most cases yield unreliable results when
either one of the moduliivaries with the stress conditions. When the

ratios (AC e/AC e) or max (Ac /AO z) are determined by experiments, values

K can be obtained by Equations 100 or 103, which solved for K take
s s

".he form

D AGe 1
K Del (104)
s B BAc Me s

and

D Aac
Ks B ) (105)

z

The problems caused by nonlinear stress-strain relations are discussed

in several textbooks on the mechanics of continuous media or solids; for

example, Erlingen (1962) and Fung (1965).

"137. Overregistration versus strain differentials. It is shown

in the simplified theory for interaction of soil and a pressure cell,

Part II and the summary in paragraph 135, that overregistration of a

pressure cell, o V a - a , may be expressed as a function of theSc s

difference between deformation or strain of the soil and cell,

= E - In an effort to investigate this relationship, corre-

sponding values of a and E for specimen 70 and cell 82 are showne e
in Figure 66. The values of o = are average valuesoil Fur66 Thvluso s z s z

for the test specimen and do not represent stress and strain concentra-

tions close tc the pressure cell; likewise, c and c are average

values for the pressure cell. The deformationfs of the pressure cell were

computed by cc = O/Mc ,and M = c 5,000 psi, Vhere c' = a - u and

u is the numerical value of the vacuum. The diagrams in Figure 66 are
similar to the stresz-strain diagrams in Figure 64, and a large part of

the deformations or strains in the soil are potential residual strains,
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since the recovery of soil strains during the decrease of loading between

the various test cycles is small. The diagram also indicates residual

axial stresses, because the axial load is not decreased to zero at the

end of a loading cycle but only to stresses corresponding to the vacuum

or confining pressure for a particular cycle. The similarity between

the diagrams in Figures 64 and 66 indicates a relationship between over-

registrations and strain differentials. In the simplified theory this

relationship is assumed to be represented by Equation 97 and equations
derived therefrom, which have the principal parameters M and K .

S s

138. Incremental values of the modulus M and the indenta-
s

tion ratio K may be determined by the diagrams in Figures 64-66, or

directly from the underlying experimental data, which yield the values

of M and K shown in Figure 67. The computed strains and strain
differentials are often very small and at the limit of reliability of

the measurements, which causes appreniable scattering in the computed

values of K . The diagrams in Figure 67a illustrate the large varia-

tions of M during single tests and in different cycles, which gives

some indication of potential errors that may be caused by use of a

single value of M . The scattering of individual values of K ins S

Figure 6Tb is too great for reliable formulation cf equations for changes

of K during a test. All values of K computed from experimental
data are much greater than those obtained by the theory of elasticity

and used in examples of the simplified theory for action of soil pres-

sure cells, but the values of K in Figure 67b are of the same order
s

of magnitude as those obtained from maximum total and incremental regis-

tration ratios, which in part are caused by changes in the external load

distribution, as explained in the following paragraphs. Such a change

contributes to the large values of K in Figure 67h, but the large
s

values of Ks may also indicate that the simplified analysis of soil-
cell interaction is in need of revisions.

139. Total registration ratios. The total registration ratio is

oa/Oz , where a and a are the total changes in cell indication
c z c z

and in the axial stress from the start of the test to the applied axial

stress az in a single test cycle. Values of ac/az for cycle 4 of
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I the test with specimen TO dre shown by the diagram in the upper pert of
Figure 6 8 a as a function of the principal stress ratio, a1/C3 , which

permits a direct comparison of diagrams obtained in cycles with differ-

ent confining pressures. The relation between the applied stress a

and the principal stress ratio is determined by the following equations:

the confining pressure and minor principal stress is a3 =.-u ; the

deadweight is o 3.2 psi; and the major principal stress is

0 + o + Oo a At the start of a test and at low values of o or
z 3 z

oa/o/ , the total registration ratio c/a z is less than 1.1 and in

fairly good agreement with values obtained by the simplified theory for

cell action. This ratio increases slowly with increasing a until
z

0 /03 attains a value of about three whereupon a rapid increase starts

and a maximum a /O 1.37 is reached at o/c = 4.2 , corresponding
c z 3

to o = 35 psi in Figure 64. The indentation ratio K at the maximum

value of ocIa = 1.37 may be determined by Equation 105, which yields
c z

K = 12(1.37 - 1) = 4.4 . Much greater values of K are obtained for
S S

incremental loads as shown in Figure 67 and discussed in the next

paragraph.

140. Incremental registration ratios. The simplified theory and

currently available more rigorous theories for interaction of soil and

pressure cells assume that the modulus of the soil is constant. As

shown, Figure 67, the modulus of deformation of sand decreases with

increasing axial stress and deformation for uniaxial loading, but the

change of the modulus during a single load increment may be small.

Therefore, the simplified theories and available more rigorous theories

ýinnlv tel in -ri pnt.sa registrt.inn rmi.nR ra-.her than tn total rpgiptra-

tion ratios when the modulus of the sand changes during a test. Incre-

mental registration ratios, Ac /Ao , may be determined directly from
c Z

test records or from soil-cell stress diagrams, Figure 65. Results ob-

tained for cycles 1 and 4 in tests with specimen 70 are shown in the

lower part of Figure 68a.* Values of a c/Aaz for cycles 2 and 3 fall

* Alternative diagrams for incremental registration ratios are shown in

Figure 68b to facilitate comparison with similar diagrams for other
tests.
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between the two diagrams but are not shown since the loading in these

cycles was not continued until maximum values of Ac /Aoz were attained.

There is but little difference between total and incremental ratios

until al/a3 = 2 ; thereafter the incremental ratios increase much faster

than the total ratios and attain maximum values slightly above 2.0. The

corresponding indentation ratio is obtained by Equation 105 or

K = 12(2 - 1) = 12 , which is many times greater than that obtained bys

theory for elastic materials, see Figure 14 in Part I, but it agrees

well with values of K as a function of overregistration and strainS

differential, Figure 67. The maximum value of A c/Acz occurs at

S1/Oz = 3.2 for cycle 1, corresponding to a = 5.6 psi, and at

o1/a3 = 3.6 for cycle 4 corresponding to cz = 26 psi. These values of

o are shown in the stress-strain diagrams in Figure 64, and it is seen

that the maximum values of Ac /Aoz occur at applied axial loads

smaller than those causing failure or large deformations of Uhe entire

test specimen. Stress concentrations undoubtedly exist in the sand

around the pressure cell, and it is possible that these stress concentra-

tions cause local failure conditions at the above mentioned values of

0z , which in turn may explain the rapid. decrease of Ac/Ac z immedi-

ately after the maximum is attained; see following paragraphs.

141. Comparison of total and incremental registrations. The

difference between total and incremental registration ratios s own in

Figure 66a is explained by the fact th, t the Ac /Aaz curves are

derivatives of the a /Z curves. However, it should be noted that the

incremental values (A c/az) are plotted against the average valut of

(Gl/o3) for each increment, whereas the total values (oc/a ) are

plotted against the end va].ues of a for each load increment. Therez
is no difference between these registration ratios when they are

independent of az of al/c3 / The simplified theory for interaction

of soil end cell, as well as some of the more rigorous theories are based

on the assumption that the soil modulus, Ms , is constant. Therefore,

these theories should not be expected to yield reliable data for the

registation ratios for nonlinear stress-strain relations in a partic-

ular test, but the theories may be applied to incremental loads and
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registration ratios, when variations of M during each load increments
are negligible. Even then, errors may be caused by the fa.t that the

linear relationship between force and Indentation, indicated by Equa-

tions 99 and 100, is valid only for small stresses and indentations, as

demonstrated in the next paragraph and in Figure 69.

142. Test data versus the simplified theory. Considering the

data presented in the foregoing paragraph, the following comments deal

primarily with incremental registration ratios and resu'Uts obtained by

the si nplified theory for interaction of soil and pressure cells. For

principal stress ratios aI/a3 less than 2.0, the difference between

ac /az ,4 Ac/AQz , and results of the simplified theory are relatively

small, but a rapid increase in Ao /AG a followed by a rapid decrease

occurs for values of aI/a3 greater than 2.0, as shown in Figure 6 8a.

The first part of this increase is explained by the convex stress-strain
diagrams for the test specimen and the corresponding decrease in M

s

with increasing a or a.,/a . Figure 67. The maxImum valuese of

1o /1ao are usually between 2.0 and 2.1, which are much greater than the

values obtained for (Ms/Me ) = 0 by Equation 103. The rapid increase

of Ac/AG z may be caused by a change in load concentration from the

rim to the center of the cell at failure of adjacent soil. Such a

change in load distribution wa. originally suggested by Terzaghi (1943)

for plate loading tests, Figure 8, and it is supported by the behavior

of a WES cell plus an inactive rim, Figures 95-97. Although the WES

p-eu~c u;il i much less Eiensitive to nonuniform stress distribution

than a pressure cell with an exposed and fixed diaphragm, a change in

stress concentration from the slotted rim to the center of the cell prob-

ably causes an increase in cell registration. It should be noted that

the maximum values of A /AAo occur at values of a 1i/ corresponding

to the rising part of the stress-strain curve, Figure 64. }Iowever,

stress concentrations around the pressure cell cause failure conditions

there before such conditions are attained for the entire teot specimen.

The rapid decrease of Ah /Ao after the maximum strength is attainedC z

corresponds to a sudden sinkage in plate loading tests. The results of

fuch a test in f;aund with a relative density of 85 percent is shown In
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Figure 69a. The load-sinkage diagram is curved instead of being linear

as assumed in the simplified pressure cell theory, Equations 99 and 100,

and a sudden sinkage of the plate occurs for a load corresponding to

failure conditions in the sand. The bulge of soil and 6udden sinkage of

the plate occur only in relatively dense cohesionless soils, but an in-

crease in the slope of the load-sinkage diagram occurs in most soils at

initial failure of the soil and is conspicuous in clay, Figure 69b. It

appears that the usual relations between unit load and overregistration

of a pressure cell may become unreliable at stresses corresponding to

failure conditions of the soil in which the cell in embedded.

143. Pocket action prcblems. A possible cause of large over-

registration ratios for a pressure cell is that a lens or pocket of

denser soil was formed around the cell during installation procedures

or previous loading cycles. Such a pocket of more rigid soil would in--

crease overregistration of the cell; Taylor (1945, 1947). The incremen-

tal registration ratio diagrams in Figure 68 are well separated because

of residual strains after each loading cycle, but the form of the dia-

grams and the maximum values of Au c/Az are nearly identical, whereas

the starting registration ratio is greatest in the first cycle. There-

fore, it appears that pocket action did not occur during testing in me-

dium dense sand, and changes in the incremental registration ratio can be

explained better by the convex form of the stress-strain diagrams, Fig-

ure 64, and by the shape of load-sinkage diagrams, Figure 69. However,

the possibility of formation of pockets of denser sand around cells in-

stalled in loose sand cannot be excluded and should be investigated.

144. Test data versus rigorous theories by Eahelby-Askegaard.

Using basic equations by Eshelby, a rigorous theory for the interaction

of an elastic medium and a rigid ellipsoidal inclusion was developed by

Askegaard (1963) and is reviewed in Part II of this report. A rigid

inclusion corresponds to a very large value of 1 cIM for a pressure

cell or to the maximum incremental registration ratios obtained ia the

WES experiments. Theoretical results obtained by Askegaard for uxiiaxial

loading of an elastic medium are shown in Figure 35a as a function of

the Poisson ratio and the diameter-thickness ratio of the rigid
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inclusion. Assuming a Poisson ratio v = 0.3 for the soil and wltl: a

thickness-diameter ratio nf 1/6 for the WES pressure cell, Figure 35 by

Askegaard yields a registration ratio of 1.1 whereas the maximum regis-

tration ratio of the WES cell near failure was 2.0 to 2.1. These high

values of o /Os cannot be explained by the Azkegaard theory, which

considers only elastic but not failure conditions. A- will be demon.-

strated in later paragraphs, the high values of oc/as obtained by the

WES cells near failure of the soil are probably caused by a changL in

modulus of deformation of the soil plus a shift of the load concertra-

tion from the edge to the center of the cell at failure of the soil.

145. Test data and finite element analysis by Bates. A finite

element analysis of a pressure cell in a free field has been performed

by Bates (1969) and is reviewed in paragraphs 68-94 of this report. The

analysis is applied to a small cell with an inactive and tapered rim,

and the axial rigidity is much larger than for the WES cell. The over-

registration of the Bates cell is much less influenced by changes in the

modulus of the material in which the cell is installed. Furthermore,

the theory and experiments by Bates were not extended to failure condi-

tions in the soil, and they should not be expected to agree with or

explain the large overregistrations of the WES pressure cell.

Axial stresses
for triaxial load changes

146. Previous experiments. Most investigations of the action of

soil pressure cells heve been h pe in cha,- ow contaiiieij with solid

and rigid walls. An increase of the axial unit load also causes an in-

crease in the radial or confining unit load, corresponding to the earth

pressure at rest. However, it must also be taken into consideration

that axial stresses caused by a surface load decrease with increasing

depth becaase of the influence of sidewall friction. Various methods

have been devised to determine and counteract the influence of sidewall

friction. Axial loads are usually applied through a rubber cushion or

as air or water pressure on a rubber membrane covering the soil in order

to decrease radial restraint and nonuniformity of stresses. A rubber

cushion may also be used in contact with the rigid bottom of the
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contained when simulating pressure cells in a rigid wall or slab, but

the action of a pressure cell in a free field :!annot be properly simu-

lated unless there is an adequate distance between the cell and the

bottom of the container and unless the soil cover is sufficient to de-

crease surface effects to an insignificant amount. As examples of early

investigations, reference is made to the first tests and report on soil

pressure cells by the WES (1944) and to the investigations by Peattie

and Sparrow (1954).

147. In order to decrease the influence of sidewall friction and

to obtain better control of lateral stresses, Plantema (1953) performed

calibration tests with pressure cells in a special triaxial device

having a soil specimen with a diameter of 95 cm and a height of 72 cm,

surrounded by a rubber membrane and placed in a pressure chamber, Fig-

ure 43, so that positive radial loads could be produced. Furthermore,

axial loads were applied through rubber cushions at the top and bottom

of the test specimen. A constant ratio between axial and radial unit

loads was maintained in each test. Plantema found that the registration

ratio for a particular pressure cell was subject to only small changes

when the principal stress ratio remained constant. The tests indicated

a slight decrease in the cell registration, Figure 4 3c, with increasing

ratio between axial and radial soil stresses, and the cell exhibited a

slight underregistration.

148. Influence of vacuum in the triaxial device. As mentioned

previnoisly the WES triaxial device uses vacuum in the soil pores to

produce radial or confining pressures. The influence of such a vacuum

on the evaluation of the test data has not yet been discussed, since the

vacuum was maintained at a constant magnitude during individual uniaxial

tests. Both the vacuum and the applied axial load were varied simul-

taneously during tests, as discussed below. First of all, the stresses

in the soil of the test specimen are identical whether they are produced

by a vacuum in the soil pores or by a positive outside pressure on the

encasing rubber membrane. The vacuum, u , is a negative pore pressure

with respect to pressure of the surrounding air, and the confining

radial pressure is I
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a 3 -u (io6)

With an applied unit axial load a , a deadweight that produces an
axial stress a at the elevation of the pressure cell, and beai'ing in

0

mind that the vacuum produces the soil stress a3 in all directions,

the total axial and major principal stresses are

0=a0 + a +3 (107)

The deadweight does not change during individual tests, and a change in

the axial soil stress can be expressed by

Ao = Ao + Ao (108)s z 03

The deformations of tha test spctimen should correspond to these ztrcsscz

and appropriate values cf the soil moduli and Poisson ratios, but the

total axial and radial deformations were also measured during each test.

149. An increase of the vacuum in the pores of the soil decreases

the air pressure on the outside of a pressure cell, but this increase is

counteracted by an equal increase in the effective soil pressure. Dis-

regarding the effect of stress concentrations and of a possible slot in

the rim of the cell and assuming that the pressure in the interior of

the cell is maintained at a constant value (for example, by venting the

cell to the outside air), the interior diaphragm of the cell will not

react to a change of vacuum in the soil pores plus the corresponding

change in soil pressure, and the cell acts as a rigid inclusion. The

interior of most pressure cells in current use is hermetically sealed,

and compression of the entrapped air may cause small changes in the

deflection of the measuring diaphragm and corresponding indications of

the cell, which in most cases are taken into consideration by calibra-

tion of the cell. On the other hand, when the interior of the cell is

vented to the soil pores, the pore vacuum and changes therein also act

below the measuring diaphragm, and tie cell indicates only changes in
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effective soil pressure on the face plate.

150. The WES pressure cell has a slot in the rim of the face

plate to enable it to deflect. Air and water, but not soil, can enter

this slot and counteract air and water pressures on the face plate. Con-

sequently, the calibration factor for air and water pressares on the

cell, Fu , is greater than the corresponding calibration factor for

soil pressures, F . With the corresponding dial readings s and ss u s

of the cell analyzer, the calibration of the cell for hydrostatic pres-

sure yields

Au = As (109)

whereas calibration for direct load or soil pressure, Figure 5, yields

Ao = As F (110)

An increase in vacuum in considered negative, and it causes a positive

increase in the effective soil pressure

A = Au3 = -Au (111)

Concurrent changes in vacuum, Au , and in the axial unit load, AG z

will then cause a total change in c.ial reading, a ct , which can be

expressed by the foregoing equations as

ACt au Au A e A(11e
F F +F F

S S U S S

where ae is the overregistration of the precsure cell. Rearranging,e

using Equation 111 yields

Aa Ct aG3 1 a+AeSa3 2o

F + 3 + e)
S U. s
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or after multiplying by F S

F
Aoct + AG -Au AO + AGz AG (113)

3O 3F 3 z e(13
U

The equivalent measured change in soil. stresses, Ao , is thenC

F
A = + Ac (114)

c ct 3 T-= A03 + A~ z e
U

and consists of the stress corresponding to the cell indication, Auct

plus the contribution of the vacuum

F FA SG - = -AU S (115)
3 F F

U U

which is measured separutel' by a mercury or mechanical manometer but

not by the soil pressure cell. The ratio F s/Fu represents the in-

fluence of the circumferential slot in the face plate and varies between

0.78 and 0.92 for WES pressure cells. The ratio is not equal to the

ratio between the area enclosed by the bottom of the slot and that of

the face plate since it also reflects the stiffness of the flexible rim,

which is not the same for all the cells.

151. The incremental overregistration of the cell may be ob-

tained from Equation ll4 and is

AO = Ac -(A + Ac3 ) (116)

and the corresponding registration ratio is

AcC +- A (117)Ac Ac ( iAo
s z 3

where the incremental soil stress is defined by Equation 106. The
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deformation of the pressure cell corresponds to the actual cell indica-

tion Aact and not to the total change in stress, Auc ; therefore the

incremental cell strain is

OAOct
AAct M (!18)

C

The incremental soil strains may be computed from the incremental axial

and lateral soil stresses, using appropriate values of the soil moduli

andthe Poisson ratios. However, these coefficients may vary consid-

erably during a single test, and more reliable average values of the

strains are usually obtained from outside total axial and radial defor-

mations which were measured in each test. With an axial incremental

strain A , the soil-cell strain differential is

Ate 6 s i A.ct (i19)

In tests with concurrent changes in vacuum and applied axial load, the

overregistration of the soil pressure cell and the registration ratio

are determined by indications of both the pressure cel; and an outside

manometer, and these quantities are not as simple P-'- significant as in

tests with uniaxial load changes. Therefore, the relations between

overregistrations and strain differentials were not investigated in

tests with triaxial load changes.

152. WES 1955 tests with triaxial load chnjges. The tests for

triaxia]. load changes were essentially conducted with maintenance of a

constant principal stress ratio in each test series, and this ratio was

varied from 1.0 to 3.0 in the five test series performed. The principal

stress ratio is

3 + +
- -- =( 1 2 0 )

where a3 is numerically equal to the pore vacuum, a is the

z
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applied axial unit load, and a is the stress corresponding to the0
deadweight of the soil in the test specimen above the level of the pres-

suxe cell being investigated. It was not always possible to maintain
the desired principal stress ratio at small values of a because of

z
the influence of the constant value of a . The tests were usually

started at a relatively low vacuum of 2.5 psi. The vacuum and the

applied axial stress o were increased in steps until the vacuum
z

attained 12.5 psi, whereupon the loads were gradually decreased to the

initial value and at least two cyclic testts were performed. After the

last cycle the tests were continued with uniaxial loading and a constant

vacuum and confining pressure of 12.5 psi. The maximum values of the

vacuum were increased slightly in tests with a constant principal stress

ratio of 3.0. The maximum vacuum during the cyclic part of the tests

was 13.3 psi and this was increased to a constant vacuum of 14.o psi

during the final part with uniaxial loading. In the test series with a

nominal principal stress ratio of 1.0, the test specimen was subjected

only to vacuum and deadload but riot to any applied axial load; however,

the deadload ao prevented actual attainment of a stress ratio of 1.0.

153. The results obtained in test series with various values of

the principal stress ratio were so uniform and similar that all can be

described in a single paragraph. The test data are shown in following

figures,

Principal
RtrPeR Ratio Fiaures

3.0 70,71,72
2.5 73,74,75
2.0 76,77,78
1.5 79,80,81
1.0 82,83,84

The stress-strain diagrams and the soil-cell stress dia~gams are nearly

straight during cyclic loading, and they yield nearly constant values of

the goil modulus and the incremental registration ratios in the cyclic

part of the tests, but the incremental registration ratios increase

moderately with increasing principal stress ratios. During the uniaxial

loading, following the cyclic loading, these ratios increase rapidly
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before and decrease after failure of the soil in the test specimen, as

observed in the foregoing tests. The maximum value of the incremental

registration ratio during the final loading varied between 2.08 and

2.30. It should be noted that a final uniaxial loading was not performed

on test specimens with a principal stress ratio of about 1.0 during the

cyclic loading, since these test specimens also were used in subsequent

tests with a principal stress ratio of 1.5.

154. Comparison of types of loading. Typical results of tests
with uniaxial loading are shown in Figure 68 and discussed in the

appurtenant text. The great variations in the incremental registration

ratios are caused by differences in lateral loading or confining

stresses, by changes in the soil modulus, and by a 6hift in concentra-

tion of external pressures from the rim to the center of the pressu'e A

cell, when approaching failure of the soil, followed by a rapid decrease

in bearing capacity or penetration resistance of the soil immediately

after failure. The total and incrcmcntal registration ratios and govern-

ing factors are much more stable when the principal stress ratio in the

test specimen is maintained at a fairly constant value duxing a particu-

lar loading schedule. Details of such tests are presented in Fig-

iues 70-84 and are summarized in Figure 8 5a and b. The total cell

registrations in Figure 8 5a include residual stresses. Correhponding

incremental registration ratios vary with the principal stress ratio

but are nearly constant for a given value of the stress ratio as shown

in Figres 72, 75, 78, 81, 84. These incremental registration ratios

are plotted in Figure 85b and there compared with data obtained in tests

with unlaxial loading. The incremental registration ratios for the two

types of loading are in good agreement when considering the principal

stress ratio and the loaiing cycle. However, a deviation occurs for

(o/o•) =1.5 , which undoubtedly is caused by the fact that test

specimens in the loading series already had undergone a full series of

loadings by vacuum or a p::incipal stress ratio approximately equal to

unity.

155. The test data summarized in Figure 8,a and b Lhow that

the axial cell stresses or registration ra'ios increase with increasing
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principal stress ratios, a11/3 , which in part may be caused by the

concurrent decrease of the soil modulus, see upper part of Figure 85b.

The test data disagree with the experimental data by Plantema, Fig-

ure h3c, but the modulus of the Plante, L pressure cells are only a

little above or below that of the soil and the registration of the

cells is very sensitive to changes in the soil modulus. The test data

in Figure 85b also disagrees with theoretical data by Askegaard and Bates

for low values of the Poisson ratio, Bates assumes v = 0.27 , but

Askegaard obtains the opposite results for high values of the Poisson

ratio, Figure 35b. The WES test specimens of medium dense sand appear

to have high values of the Poisson ratio, and even exhibit expansive

characteristics, see Table 2. In this case the test data in Figure 85b

would concur with the Askegaard theory. The WES pressure cell has a

modulus which is moderately larger than that of the soil, but it reacts

to changes in vacutum as a rigid inclusion. The above mentioned theories

were developed for linear elastic conditions and they do not consider

the influence of changes in the soil modulus and consequent changes of

the registration ratio, as shown by Equation 23 of the simplified method

of analysis, which yields results similar to the experimental data in

Figure 85b. The inelastic swelling or consolidation of soils, azd

corresponding irregular values of the Poisson ratio, may also have some

influence on the registration of pressure cells, but this influence has

not yet been adequately investigated. Some of the many factors which

.. +-npesre opl1 arp partially interdeoendent
and may calziteract each other. It is difficult to separate the in- •

fluence of the individual factors, and care should be exercised in for-

mulating general conclusions,

156. Calibration and control tests. Soil pressure cells are

usually calibrated in the laboratory by direct loading of weights or by

uniaxial air loading as shown in Figure 3, both correspond to

(a3/al) = 0. It is desirable to perform control tests for a given type

of pressure cell and soil to determine the relation between registration

of the pressire cell during laboratory calibration and under stress

conditions in the field. If there is an appreciable difference in
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registration of the cell for the two conditions, a correction diagram

should be developed, similar to that proposed by Bates (1969) and Fig-

ure 42 in this report, but such a correction diagram should be based on

or verified by experimental data and not on theory alone. The WES test

data show that variations in incremental registration ratios are rela-

tively small when determined for the second or third cycle of loading

during which the principal stress ratio is maintained at some constant

value below (a /a3 ) = 2.5 • It may be advantageous to perform such

control tests vith the soil placed in laterally confined soil, providing

the sidewall friction is practically eliminated by use of a stacked

ring device, consisting of superimposed low circular rings vith rubber

spacers. The principal stress ratic during such a confined test is

represented by the equations

°i 1
o = Ko 1  or T- = (121)

3 o 03 K0

K is the coefficient of earth pressure at rest, which for normal load-0

ing of sand may be expressed by

K =1 - sin 0

A correction diagram should consider the influence of the many factors

discussed in foregoing sections. Partial interdependence or counter-

autioni of some of these factors should be subjected to additional inves-

tigations. Consideration shoiLld also be given to subjecting a pressure

cell to a seating pressure shortly after installation, so that the

stress conditions around the cell in the completed structure will

correspond to second or loading cycles.

Measurement of lateral stresses

157. General relations. 'The principal stresses in an axis.,m-

metrical test specimen are axial stresses, o , the radial stresses,z

0 , and the tangential stresses, a0 Pressure cel.ls for measuring
these stresses and diegonal st.'esses, od , were installed in each test

specimen of the 1955 test series, Figure 51. In thes( bests the lateral
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stresses are governed by the confining pressure which in turn was caused

by a vacuum in the pores of the soil. The vacuum was measured by an

outside pressure gage, and the lateral pressure cells indicated only

small differences between the vacuum and the soil pressures, correspond-

ing to the deformation of the soil pressure cells, which were exceedingly

small, whereas the test specimen underwent appreciable lateral deforma-

tions. The measured vacuum plus indications of the lateral pressure

cells registered only small over- or under-registration, and the action

of these cells was quite different from that of cells measuring axial

stresses. Furthermore, the cells for measuring radial, tangential, and

diagonal stresses are difficult to install, and there were more malfunc-

tions of these cells than of cells for measuring axial stresses. Reli-

able test data for lateral stresses were not obtained for every test

specimen. Average lateral stresses determined in the 1955 test series

are summarized in Tables 4 and 6, and typical test data for properly in-

stalled lateral pressure cells are described in the following paragraphs.

158, Radial stresses. Measured radial stresses during a test

with uniaxial loading of the test spercimen in three stages with a vacuum

or confining pressures of 4, 8, and 1.2 psi are presented in Figure 86.

The measured stresses are shown as a function of the vacuum or nominal

radial stresses, and they form a nearly straight line indicating a

registration ratio close to 1.00. The influence of axial loads on the

test specimen, corresponding to lateral loads on the pressure cell, are

indicated by the scm.-Acr 0f uti:E6s readings fLor .. l-. o ........ n.

pressure in Figure 86 and by the hysteresis diagrams in Figure 87. In

the firaL three test stages the applied axial load was increased until

the principal stress ratio attained a value of about 3.0; however, in

the fourth and final cycle of loading, also at a vacuum of 12 psi, the

applied axial load was increased to 40 psi, which is close to failure of

the test specimen. In this case the registered radial stresses in-

creased to 14.i psi in spite of the bulging of the test specimen. This

increase in the measured radial stress probably reflects local soil fail-

ure at the rim of the pressure cell and a shift of stress conc,,ntration

from the rim to the center of the cell.
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159. Measured radial stresses for a loading of the test specimen

which maintains a principal stress ratio of 2.5 are shown in Figure 88.

In this case there is only little difference between the results obtained

in the first and third loading cycles because the radial stresses pri-

marily are caused by the confining pressure or the vacuum in the poies of

the test specimen, which is measured by an outside air pressure gage and

not by the soil pressure cell. The diagram for the third cycle is not

straight but has a slight double or S curvature. The registration ratios

for the individual load increments are shown in the figure and vary be-

tween 0.90 and 1.12, and the average registration ratio is 1.03. A

fourth loading cycle was extended as uniaxial compression for a vacuum

of 12.0 psi, and the registered radial stress rose to 15.3 psi corre-

sponding to a total registration ratio of 1.53. These numerical results

agree reasonably well with those obtained for uniaxial stage loading and

are shown in Figure 87, and the final increase in cell registration is

probably also in this case caused by a shift in load concentration from

the rim to the center of the cell.

160. Tangential stresses. The results of measurements of tan-

gential stresses for uniaxial stage loading of the test specimen are

shown in Figure 89, which is very similar to the diagram in Figure 89

for measured radial stresses. However, the inclination of the diagram

corresponds to an average registration ratio of 0.85 in contrast to

1.00 for a radial stress. The average reglstration ratio of tagential

stresses for all tests is also smaller than the corresponding ratio for

radial stresses, Table 6. Measured tangential stresses during applied

axial load at each vacuum stage are indicated by the horizontal lines

through observed stresses at the three vacuum stages of 4, 8, and 12 psi.

Further details for plotting diagrams similar to those in FiLure 87 are

not available at the time of writing the final draft of the report. The

diagram in Figure 90 is substituted for one correqponding to Figure 89.

This diagram shows measurements obtained with a WES pressure cell of

50-psi rated capacity and considerably more compressible than cells with

100-psi rated capacity. This more compressible pressure cell shows an

average additional underregistration ratio 0.90 for tangential stresses,
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the shape or hysteresis of the diagrams obtained for axial loadings at

the three vacuum stages are nearly identical to those in Figure 87.

After completion of the third loading cycle a fourth loading was per-

formed also at the vacuum or confining pressure of 12 psi and it was

continued to an applied vertical load of 40 psi whicn is close to fail-

ure of the test specimen. At this axial pressure the measured tangential

stress is 11.5 psi which corresponds to a registration ratio of 0.96.

This ratio is greater than those obtained at the end of the regular load-

ing cycles, but it is smaller than the corresponding ratio for radial

stresses, Figure 87.

161. An example of measured tangential stresses during a loading

procedure which maintains a principal stress ratio of 2.5 in the test

specimen is shown in Figure 91. Stress measurements during the third

loading cycle indicate incremental registration ratios which vary from

0.85 to 1.08. The average registration ratio for a complete cycle is

1.02, whereus the corresponding ratio in measurement of radial stresses

is 1.05, Figure 88.

162. Sunmmary and comments. The test data presented in the fore-

going paragraphs are supported by many other tests, as shown in lables 4

and 6. Both the details in Figures 86-91 and the summaries in the tables

show that the measured radial stresses are slightly but also systemat-

ically larger than the measured tangential stresses, although according

to theoretical investigations by Balla (1961) and Brady (1971) the dif-

ference between these stresses should be practically negligible for a

linearly elastic material. It is possible that there is a systematic

difference in the placement and effective preloading of the pressure

cells, but a definite explanation of the difference between measured

radial and tangential stresses cannot be formulated on basis of aveil-

able data, The measured radial and tangential stresses ture appreciably

smaller than the measured axial stresses. The most logical explanation

of this difference is that the magnitude of the lateral stresses is

governed by the confining lateral stress or the vacuum which is measured

by an outside pressure gage, and that the radial and tangential pressure

cells are only subjected to very small changes in loads and deformatioas.
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Furthermore, outside unit loads in the plane of cells measuring axial

stresses are equal to the lateral stresses, whereas one of the stresses

in the plane of cells for measuring lateral stresses is the much larger

axial stress, and this should decrease the measured lateral stresses as

indicated in the theory by Askegaard, bearing in mind that the apparent

Poisson ratio for the medium dense sand in the test specimens is larger

than 0.5, Figure 35b. However, Figures 87 and 90 indicate that the mea-

sured radial and tangential stresses vary relatively little with changes

in the applied axial load. It should be noted that the registered radial

and tangential stresses increase materially when the stress conditions

in the surrounding sand approach those of failure, as do the registered

axial stresses, but they do not attain a maximum value for the applied

axial loads. The calibration factors for axial stresses should not be

applied in measurement of radial and tangential stresses without modifi-

cation. A correction factor was found theoretically by Bates (1969) for

a given set of pa'ameters, but suc-•h a factor ca-nrnot be determined from

experimental data presented in this report, because of the disturbing

influence of vacuum changes in the pores of the soil. A change in this

vacuum is counteracted by a nearly equal change in effective soil pres-

sure. As a result, that actual change in pressures on and deformations

of F. vertical soil pressure cell are very small compared to the changes

in effective lateral soil pressures. Additional tests are needed with

equipment which can produce a change in outside lateral or confining

pressure without a significant change in pore pressures of the test

specimen.

Measurement of in-

clined or diagonal stresses

163. Basic relations. Diagonal planes are inclined planes which

form an angle of 45 deg with the axis of the test specimen; normal

stresses on these planes are the diagonal stresses, which are designated

by ad * Pressure cells for measuring diagonal stresses were placed in

most of the specimens of the 1955 test series; Figure 51. There are two

conjugate directions of diagonal planes, forming an angle of 90 deg

with each other, but all pressure cells were placed in the direction
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shown in Figure 51. Templets were used in placing diagonal cells. The

following simple relations exist for axial, radial, ana diagonal stresses

or unit loadj:

a o u z

a3 -U Ou P

+ + a (122)-d 2 (1 3) 2 (a + u,

The principal stresses are oI and 03 which in this case are equal to

the axial and radial stresses, a and a . The pore pressure (vacuum)a p
is --u and the corresponding compressive stress is a - -u . The unitu
load from deadweight at the elevation of the rcell is a , and the unit

0

load applied to the top cap of the specimen is o Equation 122 isz
first used to compute the unit load on diagonal planes, but all the

equations should also apply to the measured stresses as discussed in a

subsequent paragraph.

164. Fxample of test data. Corresponding measured stresses and

strains for diagonal planes are shown in Figure 92. The normal diagonal

stresses were computed by Equation 122 and the corresponding diagonal

strains by

_1

1d + ( 3 (123)

or from the measured total axial and lateral deformations. The diagram
in Figure 92 for the last normal load cycle shows that the rate of

strain decreases when the stress conditions in the specimen approach

those of failure and that the axial s-rain finally becomes negative cor-

responding to dilation of the test specimen at failure. This corresponds

to the large values of the Poisson ratio obtainel from the total axial

and lateral defoimations, summarized in Tables 2 and 5, and in Figure 6)4.

165. A soil-cell, stress ploL for diagonal stresses and uniaxial

stage loading of the test specimen is shown in Figure 93. These diagrams
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are fi~irly straight in comparison with similar diagrams for azial

ztresses and uniaxia! loading, Figure 93. There is a distinct break in

the curve at the end of cyclic testing and continuation of the axial

loading for a vacuum of 12 psi, but stress and strain relations during

the final loading are relatively irregular. Incremental registration

ratios corresponding to these stress-strain diagrams are shown in Fig-

ure 94. The incremental registration ratios increase quite regularly

during the cyclic loading, but this increase is more rapid and irregu-

lar during the final loading, and the ratio does not seem to attain a

finite maximum value before completion of the test, as observed in mea-

surement of axial stresses, Figure 68. This resuLlt agrees with data

obtained for radial and tangential stresses.

166. Comatibility of measured stresses. Equation 122 for deter-

mination of applied diagonal unit loads should also be valid for mea-

sured diagonal stresses. Using the notation for measured stresses,

Equaption 122 becomez,

1 c(a ) (124a)2d - -(ca + cp

or solved for aca

0ca = 2ocd- 0 cp (124b)

In Table 4 values of o or the right side of Equation 124b, are com-ca

pared to applied axial unit loads for average cyclic loads and the final

unit loads, and the ratios ca /a are also shown in the table. It is

seen that vulues of ca , determined from measured values of od and

a , are larger than the applied axial unit load, which is reasonablecp

since the overregistration or error in add is greater than in a cp

The table reflects average values obtained by replacing t3lightly curved

diagrams with straight lines.

Tests with WES soil pres-
sure cell within an inactive rim

i67. Tests performed. Several soil pressure cells with an
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inactive rim and an exposed measuring diaphragm are described in the

first part of this report, but test data for these pressure cells cannot

be compared directly with data for a WES soil pressure cell having a

Lull active face and an interior measuring diaphragm. In order to ob-

tain comparable data for determination of the influence of an inactive

rim, a standard WES 100-psi cell was placed inside a rim with a radial

width of 3.0 in., as shown in Figure 97. The rim consisted of upper and

lower halves and a central washer. Use of the steel washer in some

tests and the rubber washer in other tests was expected to yield data

for estimating the influence of compressibility of the inactive rim.

The cell-rim assembly was placed at midheight in a test specimen and

subjected to uniaxial loading with a vacuum and corresponding confining

pressure of 13.26 psi. Initially, three cyclic tests were made to a

maximum axial applied load of 30 psi, corresponding to a maximum princi-

pal stress ratio al/a3 = 3.5 . This initial cyclic loading was followed

by two to three tests to a maximum applied axial load of 40 psi, corres-

ponding to o1/a3 = 4,2 . The tests were made using test specimens

Nos. 39-46 of dense sand with a unit weight of 110 pcf. These tests

were performed between the main test series of 1954 and 1955.

168. Test results. Examples of soil-cell stress diagrams are

shown in Figure 95a for tests witb a steel washer in the inactive rim

and in Figure 95b for tests with a rubber washer in the rim. Only one
n 1 t .. 0..... t. s~. n . ... z• ., _.a a %fl

load UCYCe LCs 6hoC biW-iI ±L each Vf tUS J Cfaf1i±umLSJL appCliJe I a.M.L C"£U 1 1.± J U

and hO psi. The soil-cell stress diagrajms are fairly straight up to an

applied axial load of 30 psi, but a sharp break in the diagrams occurs

when the applied load exceeds 30 psi. It is noted that the slopes of

the diagrams for the fourth cycle are steeper than those for the first

cycle, which corresponds to a decrease in the registration ratio, as

also shown by the diagrams for incremental registration ratios in Fig-

ure 96. However, there is a great increase in the incremental registra-

tion ratio when the applied axial load exceeds 30 psi or when the prin-

cipal streLl ratio in the surrounding soil approacheE that correspond-

ing to failire. This increase in registration ratio is probably caused

by a transfer of load and stress concentration from the rim to the center
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of the cell-rim assembly. These test results are in agreement with an

additional proof of the thesis by Terzsghi (1943) concerning ehanges in

stress distribution below a rigid plate when the load creates stress

conditions approaching those of soil failure, see Figure 8.

169. Results corresponding to the fourth cycle of all tests are

summarized in Figure 97. There is considerable scatter of the test data,

but the average registration ratios for l/a3 less than 3.5 are much

smaller than those obtained with WES pressure cells without an inactive

rim. Registration ratios for a rubber washer in the rim are slightly

larger than those obtained with a stec2l washer in the rim, but this

relationship is reversed for the larger registration ratios obtained for

a la3 greater than 3.5. These maximum registration ratios are also

smaller than corresponding ratios for cells without inactive rims. How-

ever, it is possible that the maximum registration ratios for a cell-rim

assembly, although quite irregu-lar, may continue to increase for applied

axial loads greater thni• 40 pbi, wtd corresponding greater principal

stress ratios, because the unit weight and strength of the test specimens

used in these tests were somewhat larger than the average unit weight

and strength of the test specimens in the main test series of 1955.

170. Comments on the influence of an inactive rim. Peattie and

Sparrow (1954) and others have shown then an inactive rim may decrease

the overregistration of a rigid soil pressure cell. This conclusion

is verified by the above mentioned test data for a standard WES soil

pressure cell placed inside an inactive rim. However, the test data

also indicate that the initial advantage of an inactive rim is decreased

and may disappear when stress conditions in the surrounding soil ap-

proach those of failure, because failure conditions cause a shift of

stress concentrations from the edge to the central part of the cell-rim

assembly. The relative compressibility of the inactive rim should have

some influence on the magnitude and location of the stress concentration,

and thereby the errors in the cell registration, but differences between

results obtained with steel washers and rubber washers are too small and

varied to enable formulation of reliable numerical conclusions. It is

also possible that a bevelled or tapered shape of the rim will reduce
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stress concentration and possible errors in stress registration by a

pressure cell. A tapered edge has been used by Bates, Figure 11, and

Caxlson has proposed a semicircular shape of the outer edge in a recently

revised design of his stress meter.

J.71. A VES-type pressure cell plus an inactive rim requires move-

ment between the face plate of the cell and the inactive rim. Such move-

ment may in time be impeded by entrance of foreign material and develop-

ment of friction and adhesion. Most of the currently used pressure

cells with inactive rims avoid this potential difficulty and achieve a

much simpler design by use of one or two exposed measuring diaphragms,

Figures 2, 9, 11, 12. The registration of such a fixed diaphragm is

very sensitive to nonuniformity of the load and it may be damaged by

stones in the soil or proximity of rock. Heavy face plates or diaphragms

decrease this danger as well as sensitivity of the cell to changes in

the ratio of moduli of cell and soil or rock. A heavy diaphragm may not

yield adeqnuit~e resolution of stresses unless resistivity strain gages

are replaced by far more sensitive solid-state strain gages. The latter

are satisfactory for cells used in laboratory experiments but are not

yet considered to be sufficiently stable for field investigations under

adverse conditions and of long duration.

2
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PAL" IV: SUMHAY AND CONCLUSIONS

General Data

172. The report contains a review of the principal types of soil

pressure cells, a summary of various hypotheses proposed for soil-cell

interaction, and a long delayed account of experiments with soil pres-

sure cells performed by the WES in 195h-55.

173. The soil is usually assumed to be a uniform, elastic mate-

rial, whereas it is imperfectly elastic and subject to irregxular changes

in its properties. It has nonlinear stress-strain relations, including

hysteresis and residual stresses and strains. It may exhibit volume

changes and apparent values of the Poisson ratio which are incompatible

with the formal theory of elasticity, and it is a two- or three-phase

system of solids, liquids, and gases.

174. The principal types of soil pressure cells are (a) rela-

tively large and very thin pressure pads with a special control valve,

Figure 10, (b) cells with fully active face plates, a transfer liquid,

and an interior measuring diaphragm, Figures 3 and 4, and. (c) cells ivith

an inactive rim and exposed measuling diaphragms on one or both faces,

Figures 9, 11, 12.

175. The action of a cell may be expressed by the registration

ratio or ratio between the registered stress change and the actual

chage In ficl~d stresses. The total registration ratio, a /a refersa c s
to the total stress changes in a loading cycle, and the incremental

registration ratio, Aa Co/as , refers to changes caused by a single load

increment. The error in cell registration is the difference

a =a - , and the error ratio is ae/a

176. Pressure cells are inclusions in the soil and change the

stress conditions in the soil in the vicinity of the ceil. The cell ac-

tually measures the inclusion stresses normal to the face o. the cell.

These stresses are irfluenced by lateral soil stresses ard the Poisson

ratio, whereas lateral or radial stresses on the cell itself has no

significant influence on the cell registration.

253
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177. It has long since been established experimentally that the

registration error or error ratio of a soil pressure cell decreases with

decreasing thickness-diameter ratio of the cell, h/D ; Benkelman and

Lancaster (1940), Waterways Experiment Station (1944). However, solu-

tions for pressure cells embedded flush with a rigid boundary have been

obtained by means of the basic relations of the theory of elasticity,

and the results can be expressed approximately by the equations in Fig-

ures 34 c and d. Theories show that a pressure cell placed Just in con-

tact with a rigid boundary acts as a cell of twice the thickness in a

free field, whereas a cell embedded flush with a rigid boundary always

underregisters. For a cell stiffer than the soil there should be a

partial embedment at which the registration error is zero, Figures 21-24.

Hypotheses for So: --Cell Interaction

178. One of the earliest and simplest hypotheses for soil-cell

interaction may be called the indentation analogy. It consists of esti-

mating the difference in deformations of the cell and a soil layer of

equal thickness, and comparing this difference with the force on and

indentation of a rigid plate of the same diameter, at the soil surface.

Estimating this indentation involves use of the Prandtl or equivalent

equations by Boussinesq. The indentation analogy method yields rea-

sonable explanations of the actions of a pressure cell, but the numer-

ical results may be in error to a considerable extent, primarily because

the Boussinesq equations apply only to forces at the soil surface,

whereas the Mindlin equations should be used for forces inside a soil

mass, Figure 26. Examples of applications of the indentation analogy to

a pressure cell in a free field are shown in Figures 15 and 16.

179. Application of the indentation analogy method to a pressure

cell at or in a rigid boundary may cause numerical errors which are

greater than for a cell in a free field.

180. Solutions for the soil-cell interaction by use of incremen-

tal annular elements were developed by Carlson (1935, 1939) and Monfore

(1950), who solved the resulting simultaneous equations by iteration
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methodE. Numerical solutions may be obtained wore efficiently by com-

puters and finite element methods, Bates (1969) and Figures 38-40. These

methods yield numerical solutions for specific soil types and cells, but

the results should not be generalized wiihout additional investigations.

181. The registration of a soil pressure cell dependn on the

magnitude of inclusion atresses normal to the face of the cell, but

these stresses are in part a fuiLction of the lateral soil stress-s and

the value of the Poisson ratio. Using basic equations by Eshelby (1957),

Askegaard (1963) obtained semiclosed solutions for inclusion stresses

at a rigid ellipsoidal body, which are represented graphically in Fig-

ure 35. 7he diagrams show the influence of lateral stresses and the

Poisson ratio on the inclsion stresses and cell registration which will

be discussed again in the paragraphs on calibration.

182. Pressure cells with an inactive rim combine problems of a

cell in a free field and a cell in a rigid boundary for which a computer

solution has been obtained by Tory and Sparrow (1967). Numerical solu-
S~tions for specific cells and soils are shown graphically in Figure 37.

T"his for of pressure cell is advantageous for many stress conzitions.

18-3. 'Lie -rfluezc of shallow tmbedment of a pressure cell may

i be estimated by comparison with the test data for circular -trapdoors

by McNulty (1965), Figures 28-32. Approximate data may also be obtained

by use of the approximate tiapdoor theories by Terzaghi (1936, 1943)

and by Mason (1965).

•.' :• WES Experimental Data of 1924-52

184. The te3ts were performed in 1954-55 .;zing a large vacuum-

type t~iaxial device, Figures 46 and 47, and with WES pressure cells in

test specimens of medium dense sand. The soil of the test specimens had

expansive characteristics and epparent Poisson ratios greater than 0.50,

which combined with variations of the vacuum in the soil pores limits

the applicability or generalization of the test data.

185. The principal objective of the WES 1954 test series was

to determine the axial strcss distribution in a test specimen with
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restrained ends. The pressure cells were placed as shown in Figure 5a,

and they were not subjected to a seating load. The scattering iu the '

test data was large, but the data show definitely that the minimum

stress at the ends occurs in the center of the test specimen, whereas

the maximum stress at midheight of the specimen occurs in the center.

This agrees with theories proposed by Filon, Balla, Brady, and others.

186. The main objective of the 1955 test series was to investi-

gate the cell action under various types of loading. The cells were

placed at helf radius a little above and below midheight of the test

specimen, Figure Tb. The cells were subjected to a seating pressure of

13.26 psi, before the forming jacket was removed and the actual tests

were started.

187. The first cell action tests were conducted with una.axial

stage loading; that is, the vacuum or confining pressure was constant A
during a particular test, but it was increased in successive stages from

4 to 8 and 12 psi. An example of the test data is shown in Figure 68,

where changes of total and incremental registration ratios are given as

a function of the principal stress ratio. The rate of changes in the

registration ratio increases with increasing principal stress ratio but

this change is small at the start of the test and may then be attributed

to changes in the modulus of deforma+ion of the soil. The rapid changes

close to failure of soil cannot be explained in this manner, and it is

likely that they represent changes in stress distribution or a shift in

stress concentration from the periphery to the center of the pressure

cell, similar to that for rigid circular loading plates, as observed by

Terzaghi and othere, Figure 8. This shift is reversed immediately after

tivity of the WES cell dccreases to some extent from the center to the

periphery.

188. In a second series of tests the principal stress ratio was

maintained at constait value during loading in a particul~ar tests, but

4t was varied for the different test series. After reaching the limit
-responding to the maximum possible vacuum, the test was continued asit

a uniaxial test with the equivalent confining pressure. Typical taK':
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data are shown in Figures 71-85, which show that the registration ratio

is more sharply defined in these teste than in uniaxial tests; and they

are also in better agreement with stress conditions encountered in the

field. Results yielded by the two types of loading are compared in Fig-

ure 8 5a and b. For values of a /a close to those of failure of the
1 3

soil, uniaxial loading yields a large and rapid increase of the incremen-

tal registration ratio because of a probable shift in stress coricentra-

tion, as previously mentioned. For smaller and usual values .:f the

principal stress ratio, loading with maintenance of this ratio yields

larger values of the registration ratio than those obtained by uniaxial

loading, which probably reflects the influence of larger lateral stresses

on the inclusion effect of th-t cell, but the influence of changes in the

vacuum should also be considered because they cause changes in deforma-

tions of the soil without corresponding deformations of the pressure

cell.

189. Examples of the measurement of lateral, or radial and tangen-

tial, stresses in the soil are shown in Figures 80-91 and in Tables 4
and 6. 'The corresponding registration ratios veery from slightly below

to slightly above 1.00 and are always smaller than those for correspond-

ing axial stresses. The lateral stresses are produced by changes in

vacuum or pore pressure, which is measured by an outside manometer and

causes very little deformation of the pressure cell. Reliable data on

the inclusion effect of a pressure cell placed on edge, or the shape

factor of a cell so placed, are not yet available. It is difficult to

estimate the reliability of measurements of lateral. stresses until addi-

tional tests are made in which a partial vacuum in the soil pores is

replaced with a positive outside confining pressure on the test

specimen.

190. An example of the results of measurement of diagonal or in-

clined stresses is shown in Figures 92-94. The measurements are com-

patible with those of axial and lateral stresses, but since the diagonal

stresses are a simple function of the axial and lateral stresses, these

measurements do riot provide a real check on the measured. diagonal

stresses. The remarks on measurement of lateral stresses in the
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foregoing paragraph apply also the measurement of diagonal stresses.

.91. In a few cases, stresses were measured by uniaxial loading of

a WES pressure cell surrounded by a 3-in. wide inactive rim as shown in

Figure 95. The compressibility of the inactive rim could be changed by

annular steel or rubber inserts. The registration ratios obtained for

normal values of aI/a3 varied considerably, but the average was close

to 1.00; however, when the tests were continued and approached failure

of the test specimen, the registration ratios increased similarly to

those shown in Figures 68 and 85. These tests furnish an illustration

of the advantages of the principle of an inactive rim, and they support

the assumption that the rapid rise of registration ratios in Figures 68

and 85 are caused by a shift in stress concentrations on the cell.

Principal Pressure Cell Parameters and Design Data

192. It has long been known that the inclusion effect or error in

pressure cell registration is nearly proportional. to the thickness-

diameter ratio of the cell, h/D, Benkelman and Lancaster (1940), Water-

ways Experiment Station (1944). It is often stated that the value of

h/D .,ould not exceed 1/6 to 1/5, but it appears that the ratio h/D

should preferably be much smaller.

193. It has also been known that the error in cell registration

of axial stresses in the test specimen increases but approaches a limit.-

ing value with increasing modular cell-soil ratio, M_/M_ , Figure 15.

The correction factor becomes nearly constiu when the modular ratio is

greater than about four or five; that is, the factor does not increase

appreciably with further increases of 14 C/Ms ,

194. The error in cell registration also increases with increas-

ing principal stress ratio for cohesionless soils, Figure 85, but the

cell regiftration increa. es rapidly followed by an equally rapid de-

crease, so that the cell registrations become unreliable, when the stress

conditions in the soil at the cell approaches those of failure.

195. The Poisson ratio of the soil greatly influences the in-

clusion effect of' the lateral stresses which i turn governs the cell
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registration of axial stresses, Figure 35. Furthermore, soils may

undergo volume changes and exhibit apparent Poisson ratios which are

incompatible with the formal theory of elasticity. Better estimates

of soil-cell interaction can undoubtedly be made by developing and using

improved constituent equations for stresses and strains in soils.

196. The shape of the usual soil pressure cell is a right cylin-

drical disc with sharp edges, which increases stress irregularities and

stress concentration at the periphery of taie cell. Attemipts have

recently been made to iecrease such stress concentrations by bevelling

or rounding the outer edg.e of the cell. Adequate analytical and experi-

mental data on the in'Piuence of the shape of a soil pressure cell and

the direction cf the principal soil stresses are not yet available.

197. The WES (1944) has suggested that a maximum permissible de-

flection of a soil prebsure cell with fully active face plates should be

less than 1/2000 of the diameter. The suggestion cannot be applied

directly to a pressure cell with an inactive rim and an exposed, fixed

measuring diaphragm. Preliminary data for the permissible deflection of

such diaphragms may be made by use of the theories by Gravesen (1959)

and Askegaard (1961), or by substituting the average diameter of the mea-

suring diaphragm and its average deflection in the above mentioned rule,

but the problem deserves further theoretical arnd experimental Investiga-

tions. However, the deflection of a diaphragm becomes less important

when the diaphragms are provided with very sensitive strain gages for a

required resolution of the stresses. which permits use of relatively

thick diaphragms with corresponding small deflections.

Types of Cells, Sensors, and Soils

198. The principal types of soil pressure cells are reviewed in

the first part of the report, but only three types are mentioned in

this summary. The original German pressure pad is used again after

introduction of the check valve by Glitzl, Figure 10, which permits mea-

surement of the pressure in the licuid between the face plates with a

very small movement of the liquid. Special sensors are not needed. The
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cell is fairly large, appears to be stable, and is suited for measurement

of earth pressures in large earth structures. Detailed data on the in-

fluence of stones in the soil and irregular stress distribution are not

yet available.

199. Of the many designs proposed for common use, a pressure cell

with an inactive rim is currently the most promising one. The cell may

have two exposed measuring diaphragms for cells in a free field, Fig-

ure 9, but one diaphragm is sufficient for cells embedded in a rigid

boundary material. The stresses are actually obtained by correlation

with strains in the diaphragm, determined by strain gages or sensors.

The diaphragms should be as thick as possible to provide resistance to

stone8 and other irregularities but also consistent with the sensors used

and the required resolution of stresses.

200. A recent and novel design of a soil pressure cell is shown

in Figure 11. The cell has an inactive rim, and the space between the

cover plates is filled with a liquid. The pressure in the liquid is

measured by a special, miniature, solid-state liquid pressure gage. It

is possible that the cell requires cover plates which are too thin to

prevent damage by stones in the soil.

201. The strain gages used in early pressure cells were vibrating

wires or mechanically attached resistivity wires; the former were pri-

marily used in Europe and the latter in the United States. In later

years mechanically attached wires are often replaced with resistivity

foils, bonded to the diaphragms with epoxy cements, which appear to func-

tion satisfactorily. In recent years conventional resistivity foils have

for some purposes been replaced writh solid-state resistivity foils, pri-

marily in the United States, which have more then fifty times greater

sensitivity than the ordinary resistivity foils and can be used for both

static and dynamic measurements, replacing the large piezoelectric

crystal placed between thin cover plates of a cell but were nct suitable

for static stress measurements. However, the long-term stability of

solid-state foils has not yet been demonstrated satisfactorily, and this

type of gage is primarily used for short-term experiments, but rapid

improvements are being made in the manufacture of solid-state gages.
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202. The soil-cell interaction depends on the properties of both

soil and cell. Preliminary experiments by Peattie and Sparrow (1954)

indicate that the principal deviation is exhibited by dense cohesionless

materials, Figure 27a, and the materials used in the WES experiments of

1954-55 fall in this category. Tests have not yet been m~de in strongly

overconsolidated and undisturbed cohesive soils. Add.tional experiments

are needed.

Calibration of Soil Pressure Cells

203. The over- or under-registration of a soil pressure cell is

equivalent to or a function of the inclusion effect. As shown by

Askegaard, Figure 35, the inclusion effect depends not only on the axial

or vertical stresses in a free field but also on the lateral stresses in

the soil and its Poisson ratio and on the configuration of the cell.

Furthermore, the total registered stress may be changed by the pressure

of air and/or water in the pores of the soil. Therefore, the calibra-

tion factor is not a constant for a given pressure cell. However, as

shown in Figure 35, the inclusion effect is small for some combined

values of the Poisson ratio and the thickness-diameter ratio.

204. The commonly used methods for calibration of soil pressure

cells are direct loading, axial hydraulic, or pneumatic loading by equip-

ment similar to that shown in Figure 5a. The calibration factors thus

and the direction of the stresses, the Poisson ratio, wid the pore pres-

sures. Therefore, the usual calibration tests should be supplemented. by

the following tests in order to determine the correction coefficients,

but it is possible that these tests need only be performed for each type

of cell and soil, general stress condition, and Poisson ratio.

205. First, the calibration factor should be determined for hydro-

static water or air pressure and be compared with the factors for equip-

ment commonly used for measureLment of pore pressures. Secondly, the cell

should also be calibrated when embedded in soil and subjected to all the

inclusion stresses and for both horizontal and vertical positions of the
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cell. It would be desirable to perform such tests in a large triaxial

device with positive confining pressure. However, it may be adequate to

make the tests under confined consolidation in a stacked ring device,

Figure 5b, since similar stress conditions are commonly encount.>ed in

the field.

206. Currently, the results of static calibrations are also being

used in evaluation of measurements of dynamic stresses. Fully satisfac-

tory methods for dynamic calibration have not yet been developed or pub-

lished. It may be difficult to differentiate between dynamic stresses

in solids and pore fluids, since the measurements may be subject to a

time lag, depending on permeability of the soil.

207. Influence of variations in numerical values of the Poisson

ratio should be taken into consideration when generalizing the results

of experiments or theoretical investigations.

Installation of Soil Pressure Cells

208. The first requirement for installation of a soil pressure

cell is prepearation of a plane contact or seating surface. Stones should

be removed and a thin layer of fine sand may be used to obtain a smooth

surface, but the thickness of such a sand layer should not be large

enough to cause appreciable pocket action in the soil around the cell.

According to Hadala (1967). cells should be placed at an interim surface

uf ucumpacLud, cuhneiuuieb bu±1•, but veil& Lu i •ohv5u-vt soUls 6 i

preferably be placed in a shallow excavation of the same diameter as the

cell. Backfill soil should be carefully placed, tamped, or compacted

around and over the cell.

209. It is suggested that a seating pressure be applied when the

cover attains a thickness sufficient to protect the cell against damage.

A seating pressure of 13.26 psi was applied in the WF& tests of 1955

before removal of the forming jacket and starting the actua3l tests. The

scatter in the test data was much smaller than in the tests of 1954.

The minimum or optimum seating pressure has not yet been determined.

210. The curvature of the stress-strain diagram for a first
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loading cycle and corresponding changes in the soil modulus also cause

considerable variations in the cell registration. More uniform and con-

sistent results would be obtained if the cell and surrounding soil were

preloaded so that conditions during the actual measurements correspond

to cyclic loading. Such preloading may be difficult to achieve in the

field, but it deserves consideration and investigation.

211. Vertically placed pressure cells for measurement of lateral

stresses should also be installed to obtain essential data on the stress

conditions and, when required, to determine correction coefficients to

the general calibration factors. Seating pressures and preloading are

difficult to apply to vertical cells, and systems of diametrically

placed loads may be used to avoid lateral displacements of the pressure

cells during seating and preloading.

212. The foregoing paragraphs apply also, with minor modifica-

tions, to pressure cells installed at or in a rigid boundary. Special

difficulties are encouutered when installing pressure cells in undis-

turbed soil; it is very difficult to avoid some disturbance of the soil

and some pocket action in the backfill.

Operating Procedures

213. Evaluation of the registration of a soil pressure cell is

made by use of the effective calibration factors, arter correction for

the influence of pore pressures, which must be known, reliably estimated,

or determined separately. The registration of a soil pressure cell re-

flects its reaction to the total inclusion stresses, including the pore

pressures. The modification coefficients are functions of the soil

properties, the stress conditions, the design of the cell, and its

orientation. All these parameters should be carefully considered in the

evaluation of the total registrations of the cells.

214. Soil stresses and pore pressure in the field may be subject

to cyclic variations, which may cause zero shifts of the pressure cells

and some changes in the effective calibration factors. Attempts should
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be made to determine all these changes, by use of the cyclic stress-

strain diagrams for the soil.

215. Attention is again called to the possibility that differ-

ences between stresses based on laboratory and field experiments in many

cases are not caused by errors in the actions of the pressure cells but

on difficulties reproducing actual field conditioas in the laboratory,
whtre artificial boundary conditions or restrictions often must be in-
troduced. These remarks also apply to many other laboratory soil

investigations.

i
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PART V: SUGGESTIONS FOR ADDITIONAL INVESTIGATIONS

216. Further development of soil pressure cells is possible and

needed and scme specific investigations are enumerated in the following
Sparagraphs. Advantage should be taken of all published data, btrepe-

titions of experiments should be avoided except for the purpose of

clarification or checking. The suggestions do not cover all needed

investigations.

First Priority

Review papers on soil pressure cells published after
January 1971.

Make desirable additions to this report.

Investigate variations in sensitivity with distance from
center of the WVES soil pressure cell. Use multiple
point loads or annular loads.

Theoretical Investigations

Finite element analysis of uniform inclusion. Disc
shape, uniaxial loading, horizontal, and vertical
orientation of disc.

Finite element analysis of WES soil pressure cell, dif-
ferent axial and lateral moduli, uniaxial and triaxial
loading, horizontal and vertical orientation of cell,
Poisson ratio 0.1, 0.3, 0.49.

Optimum shape of cell. Constant diaphragm diameter,
plus variable inactive rim. Various thickness-diameter
ratios.

Relation between cell error and thickness-diameter ratio
for vertical cell, uniaxial loading, various Poisson
ratios of the soil.

Analysis or cell with optimum form, close to. resting on,
straddling, or embedded in rigid boundary material.

Influence of distance to free boundary.

Influence of changes in pressure of air or liquid in
soil pores.

Influence of creep and extraneous volume changes

Influence or limits of approximations for nonlinear
stress-strain relations of the soil.

Assemble results of foregoing paragraphs into simpiified
rules.
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Testing Equipment

Develop auxiliary equipment for the stacked-ring device.

Develop and build large triaxial testing device with
positive or external confining pressure.

Develop special equipment for testing pressure cells at
a rigid boundary.

Develop special equipment for field investigations.

Installation of Pressure Cells

Compare irregularities in first and second loading
cycles in the 1954-55 test series.

Optimum seating pressure for horizontal pressure cells.

Optimum seating pressure for vertical soil pressure
cells.

Maximum thickness of uniform sand layer for direct
seating.

Field procedures and limitations.

Experimental .- vestigations for Free Field Conditions

High pressure tests in the stacked ring device.

High pressure tests in large triaxial device.

Comparison with test data in vacuum-typ& triaxiel device.

Tests for optimum shape of cell; constant central part
plus variable inactive rim of bevelled and rounded or
ellipsoidal shape.

Relation of error to thickness-diameter ratio for verti-
cal cell.

Influence of depth below free boundary.

Experiments with Pressure Cells at Rigid Boundary

Influence of distance from rigid boundary, vertically
and laterally, vertical and horizonnt_! cells.

Cells resting on rigid boundary.

Cells straddling rigid boundary.

Cells embedded flush in rigid boundary material.

Influence of Soil Tpes on Cell Action

Medium loose sand.

Medium dense sand.

Sand with gravel and stones.

Normally consolidated soft clay.
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Influence of Soil Types on Cell Action (Continued)

Overconsolidated firm or stiff clay.

Swelling soils.

Soft shales.
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"APPENDIX A: NOTATION

1. The notation used in this report is a compromise between that

recommended by the International Society for Soil Mechunics and Founda-

tion Engineering and the notations used in the initial investigations by

the Waterways Experiment Station and in the various publications reviewed

and quoted in this report.

A Area

2B Total thickness of pressure cell
"2B Total thickness of soil pocket around cell

P
22 Total thickness of weak soil cover for cellw
C Cohesion or adhesion of soil

C Coefficient for plate sinkage, general, Equation 12

C Cell action factor or correction coefficienta

d D = diameter of active diaphragma

D Diameter of pressure cell or rigid inclusion

D Active diameter of pressure cell

V . aD. inside diameter of inactive rim
DO Outside diameter of inactive rim

Ec Elastic modulus of cell material

F Fziction force

F Calibration factor for soil or direct loading of cell

F Calibration factor for hydrostatic loading of cell
Gc Rigidity modulus of cell material, Gc = Ec/2(1 + v)

h Thickneý; of ellipsoidal inclusion, Figure 32a

H Depth of burial or soil cover for cell

IHr Embedment of cell in wall or slab
r

H Protrusion of cell from wall or nlab, H + Hs= 2B

K Ratio of lateral to vertical earth pressures

Kb Coefficient-Boussinesq equations

K Coefficient-Mindlin equations
m

K Coefficient of earth pressure at rest

Ks Soil indentation ratio, K = /M

Al

.;MP



'1 M Deformation modulus of cell for soil loading

M Deviator deformation modulus of soil, Md i( - a3)

'. e Equivalent deformation mod-u!use

M M Deformation modulus of soil pocketp

M Deformation modulus of the more rigid soil at interface
M Deformation modulus of soil, general, Poisson ratio

considered

SM' Equivalent modulus nonlinear relations

M Deformation modulus of cell for hydrostatic loadingu
M Deformation modulus of soil in more compressible or weak

" .. cover

N Z/D = depth ratio

N Indentation relations for the more rigid soil at
r interface

N Soil indentation coefficient in general
s
p Unit pressure, soil or liquid

Pa Liquid pressure in cavity for uniaxial loading of soil

Pr Unit soil load measured

• 'PS Applied uniaxial soil load, unit load

( Pt Liquid pressure in cavity for triaxial loading of soil

P Total effective load or force

P Total effective soil load on cell or cavity of ce.lle

P Maximum total force

"q Unit load on soil surface

qa Unit axial load

qr Unit radial load.

• Point Joad or totai load

"h Radius of cell or cavity, 2R D , also ratio orS~coefficient

"Rc Modular ratio cell to soil, Re = M /M

a Modular ratio soil to soil, R. = M /M , Equation 55

,s Linear coefficient for shrinkage or swelling

l "S Total. shear force

-t %nicness of' diaphragn
•. •i• T° ~Temperature ch~ange ,.:,

S•A2
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u Unit pressure of water or air in •o]l pores

V Volume or volume change

W Weight or force

zI Critical depth or cover; limit of influence

x,y,z Coordinates

a Coefficient of thermal expansion of pressure cell
c
a Coefficient of thermal expansion of soil

s
y Unit weight

Deformation or deflection; in coordinate direction
6 ,6 y,6

6 Average def•r.m.ation., deflection, or depth
a

6 Deformation of pressure cellc
6 Cell deformation for extraneous soil strain c
ce se
6 Differential deformation or indentation by cell,

6 6 = 6-6
e s c

6 Maximum deformation or depthm

6 Deformation of soil pocketP
6 Deformation of more rigid soil layer at interfacer

6 Deformation of soil, general or weak layer at interface
s

6 Extraneous deformation of soil, Equation 64se

A Indicates incremental change in loads, stresses,
deformations

Strain general; coordinate directions s ,c ,C

S Strain in pressure cell, generally average axial strain
c

E Strain in soil, generally average axial strain
s

E Extraneous soil strain, Equation 64
se

E Residual soil strain
sr

Coefficient of friction in soil, V = tan

v Poisson ratio, generally for soil

a Normal stress; in coordinate directions a a, ,o
Xyz

ac Normal stress measured by pressure cell, general
"c

"a Axial stress indicated by cellca
acd Diagonal stress indicated by cell

a Cell indication for extraneous soil strain cce se
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Sct Total stress indicated by cell, a ,c a +

o Pore pressure indicated by cell, c l U

Ocp Radial stress indicated by cell

3co Tangential stress indicated by cell

o Error in pressure cell registration a = a -e e c
a /a Error ratio or relative error (Ia/) = (o c/s) -

aF Pressure on face of cell

a. Normal stress in rigid inclusion1

o Normal cell stress from dead load
0

o Normal residual cell stress
r

o Normal stress in soil, general
s

a Soil stress equivalent to extraneous soil strainsc
0s Soil stress equivalent to extraneous soil! strain c s

o -u = soil stress corresponding to x_U1

a Normal average stress in weak soil cover for cellw

"o ., a.,a . Normal stresses in rigid inclusion

"o ,o a , Normal stresses in basic soil matrix

azh Stress by Boussinesq equations

" zi-A Axial normal stress in rigid inclusion, uniaxial loading

" zi-T Axial normal stress in rigid inclusion, triaxial loading

a Stress by Mindlin equationszm

alO2,03 Principal stresses

T Shear stress, general

T Cohesion component of soil strengthc
Tf Failure shear strength of soil

T r Shear stress in horizontal and vertical planesr

T• 0 Friction component of shear strength

0 Angle of internal friction of soil at peak strength
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